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In recent years there has been increased interest in magnetoresistive devices with 
perpendicular anisotropy driven by the technical promise of high thermal and magnetic 
stability. In particular, for the implementation of spin-transfer switched (STS) magnetic 
random access memory applications (MRAM), scalability, low critical currents and high 
stability against thermal fluctuations have been predicted.  
In this thesis, [Co/Pd] based giant magnetoresistance (GMR) pseudo spin-valves 
(PSV) with perpendicular anisotropy are explored as a potential candidate for spin-
transfer switched spintronic devices. Firstly the structure of the Co/Pd multilayers and 
PSVs were optimized with respect to the perpendicular anisotropy and GMR ratio by 
considering the thicknesses of the Co and Pd layers, number of bi-layers and seed layer 
materials. The use of a Ta seed layer allowed for initial smooth interface which promoted 
the crystalline structure of the Co and Pd layers, leading to enhancement of perpendicular 
anisotropy, due to the stress induced anisotropy from the interface between the meta-
stable hcp α-Co (100) and fcc Pd (111), and Co crystalline anisotropy. Subsequently, in 
order to reduce the critical current density, an approach of reducing the soft layer 
coercivity by the insertion of NiFe and Co between the soft [Pd/Co]2 layer and the Cu 
spacer was considered. An insertion of NiFe (0.4nm)/Co (0.2nm) at the interface between 
soft layer and Cu spacer was found to achieve an optimum condition where the soft layer 
coercivity is reduced while maintaining higher GMR ratio in the [Co/Pd] based PSVs.  
Secondly, it was theoretically and experimentally verified that the interlayer coupling 
in the spin-valves with perpendicular anisotropy dominantly followed a Ruderman-Kittel-




coupling. In addition a model that the GMR in the PSV with perpendicular anisotropy is 
proportional to the sine of the angle formed between the soft and hard layer 
magnetizations along the perpendicular direction during the magnetic reversal of the soft 
layer by the applied magnetic field was proposed.   
Thirdly, magnetic force microscopy and GMR measurements demonstrated that the 
nano-patterned [Co/Pd] based PPSV exhibited a single as well as a coherent domain 
switching behaviour and a stable GMR performance even at lower dimensions below 90 
 90 nm2 device size.  
Fourthly, the nature of anomalous peaks in extraordinary Hall effect (EHE) 
measurement of exchange biased GMR spin-valves with perpendicular anisotropy (PA-
SVs), that were accidently observed during the course of this thesis work, was explored. 
It was experimentally and theoretically confirmed that the physical nature of anomalous 
EHE peaks originated from the abrupt change in magnetostatic energy caused by the free 
or pinned layer reversal as well as the dependence of the EHE coefficient RS on the 
applied magnetic field in PA-SVs.  
Finally, the GMR and STS performance of the [Co/Pd] based spin-valves were 
studied. Current perpendicular-to-plane (CPP) GMR spin-valve devices based on the 
optimized structure were successfully fabricated down to 100nm diameter dimensions. 
CPP GMR of the 150nm and 100nm diameter devices was measured to be ~ 0.89% and 
1.2% respectively. STS measurements of the CPP devices were found to exhibit a critical 
switching current density of to be JAP-P = -2.6×107 A/cm2 to -3.2×107 A/cm2 and JP-AP = 
3.8×107 A/cm2 to 5.5×107 A/cm2 which is lower than or comparable to the switching 
current densities reported for other spin-valves with perpendicular anisotropy. 
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CHAPTER 1. INTRODUCTION 
1.1. Background and Motivation 
Spintronics can be said to have started in the 1980’s with the discovery of the 
giant magnetoresistance (GMR) effect by Fert [1] and Gruenberg [2]. With the 
development of the spin-valve, the commercialization of GMR based read head sensors 
for hard disk drives were possible several years later. The discovery of GMR based spin-
valves and magnetic tunnel junctions (MTJ) has been a driving force towards research in 
magnetoelectronic devices such as sensors, spin oscillators, and magnetoresistive random 
access memory (MRAM). Spintronic devices promise new device functionalities, better 
performance, higher storage densities and low power consumption [3]. Indeed MRAM, 
especially spin-transfer-torque MRAM (STT-MRAM), is slated as one of the candidates 
to replace DRAM, SRAM and NOR Flash memory in terms of its power consumption, 
read/write time and number of write cycles (Figure 1.1.1) [4].  
 
 
Figure 1.1.1 : STT-MRAM (SPRAM) compared to conventional memories [4] 
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Magnetic materials have a net imbalance of spin at the Fermi level. An electrical 
current is generally unpolarized in terms of spin. However, by driving a current through a 
magnetic layer a spin-polarized (i.e. majority of up or down spins) current may be 
produced. Such a spin polarized current can impart some of its spin angular momentum 
to another magnetic layer resulting in torque, which results in a dynamic response of the 
magnetization of the second magnetic layer. Since this theory of current induced 
magnetization switching (CIMS) was proposed by Slonczewski [5] and Berger [6] in 
1996, research has been carried out into STT-MRAM application as it provides a much 
more scalable device scheme compared to a conventional MRAM. 
In recent years there has been a shift in interest from spin-valves with in-plane 
anisotropy towards those with perpendicular anisotropy, driven by the fact that spin-
valves with perpendicular anisotropy are expected to provide technically promising 
properties such as high thermal and magnetic stabilities. These advantages stimulate the 
possibility of realizing extremely low dimensional devices with high reliability and lower 
operating current density for advanced spintronic device applications. In particular, recent 
theoretical calculations of STT in PSVs with perpendicular anisotropy have shown the 
enhancement of the efficiency of STT- MRAM compared to in-plane anisotropy elements 
by comparing the critical currents and thermal stability. From the Landau-Lifshitz-Gilbert 
(LLG) equations, including the Slonczewski form of spin-transfer torque, the critical 
current for switching in in-plane and perpendicular magnetized elements is given by 
ܫ஼ ן ܯௌܸ൫ܪ ൅ ܪௗ௜௣ േ ܪ௄צ േ 2ߨܯௌ൯  and ܫ஼ ן ܯௌܸ൫െܪ െ ܪௗ௜௣ േ ܪ௄ୄ ט 4ߨܯௌ൯ 
respectively. Thus for in-plane devices, the additive demagnetizing field (2πMS) does not 
contribute to the stability against thermal fluctuations, thus the current must overcome 
 
Chapter 1  Introduction 
 
 3
this factor. On the other hand, for perpendicular devices, the dipole field (Hdip) and the 
demagnetization field (4πMS) contribute to reducing the critical current for switching [7]. 
In addition, studies of spin-valves with in-plane anisotropy showed that when they were 
scaled down to sub-micron elements, the demagnetization fields result in the creation of 
vortex magnetization leading to anomalous switching behaviour [8, 9]. Perpendicular 
anisotropy materials on the other hand have been expected to provide higher stability and 
better scaling due to their higher anisotropy and coercivity.  The first report to 
demonstrate this was in GdFe/FeCo perpendicular elements, which showed uniform 
single domain structure for a 300 × 300 nm element [10]. In order to maintain a single 
domain configuration in-plane devices require high aspect ratios, thus reducing the 
possible density. In this regard, [Co/(Pd, Pt or Ni)] based giant magnetoresistance (GMR) 
PSV with perpendicular anisotropy are currently considered potential candidates for a 
MRAM cell due to their high perpendicular anisotropy and thermal stability, 
demonstrated by the studies in nano-patterned media [7, 11,12]. [Co/Pd] based systems in 
particular are attractive for these applications as they are expected to exhibit a higher and 
more stable GMR, with high perpendicular anisotropy due to the thinner Pd thicknesses 
as compared to a [Co/Pt] system [13]. In addition the perpendicular anisotropy in these 
multilayer systems is easily controllable by varying the Co and Pd thicknesses. 
 




The objectives of the research work presented in this thesis are outlined below: 
1) Investigation of the material properties and physical parameters of Co/Pd based spin-
valves and MTJs with perpendicular anisotropy 
a. Understand the effects of perpendicular anisotropy on the GMR, interlayer 
coupling and coercivity 
b. Control of perpendicular anisotropy and coercivity of Co/Pd multilayers and spin-
valves 
c. Optimization of the spin-valve and MTJ structure based on the understanding of 
the physical parameters 
d. Extraordinary Hall effect measurements of Co/Pd based spin-valves and the 
indirect determination of physical properties from these measurements 
e. Measurement of magnetic and thermal stability of nano structured perpendicular 
magnetized elements and comparison with in-plane anisotropy elements 
2) Realization and characterization of spin-transfer switching behavior in spin-valves 
with perpendicular anisotropy 
a. Development of a process for the fabrication of nano-scale CPP devices for spin-
transfer switching measurements 
b. Setting up of the measurement system and electronic circuit for the application 
and measurement of spin transfer switching 
c. Demonstration of spin-transfer switching behavior in magnetic elements with 
perpendicular anisotropy. 
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1.3. Organization of Thesis 
Chapter 1 discusses the background and motivations for the work presented in this 
thesis. Chapter 2 reviews the theoretical background for this work including a review of 
materials with PMA, the theory and developments of GMR and TMR devices, and a 
background on the interlayer coupling and extraordinary Hall effect mechanisms. A 
summary of recent demonstrations of spin transfer switching and other spin-torque driven 
devices utilizing spin-valves and MTJs with PMA will also be presented. Chapter 3 
presents the various key fabrication and characterization techniques employed in the 
experimental work of this thesis. Descriptions of the optimization of film deposition and 
lithographic processes as well as the CPP device fabrication methodology are also 
explained. Chapter 4 presents the key results of the experimental and theoretical work 
done during the course of this thesis. Beginning with the optimization of the Co/Pd 
structure in terms of the perpendicular anisotropy, to the study of the effects of 
perpendicular anisotropy on the interlayer coupling and GMR properties of the spin-
valves are described. Next, methods of reducing the coercivity in these structures are 
explored. The demonstration of magnetic and thermal stability in nanostructured 
elements of Co/Pd based spins and the exploration of the physical nature of anomalous 
peaks in EHE measurements of exchange biased spin-valves are also presented. A brief 
look at MgO based MTJ with Co/Pd ferromagnetic electrodes and the demonstration of 
spin-transfer switching in Co/Pd based spin-valves concludes this chapter. Finally chapter 
5 concludes with a summary of the main results presented in this thesis and provides 
recommendations for future work in this area. 
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CHAPTER 2. THEORY AND LITERATURE REVIEW 
This chapter introduces some of the theoretical concepts and presents a review of the 
previous works relevant to the research areas presented in this thesis. Starting with a look 
at materials with PMA, the origin of PMA in these different materials is reviewed. Next 
the theory and developments of GMR and TMR devices, and a background on the 
interlayer coupling and extraordinary Hall effect mechanisms are presented. Finally a 
summary of recent demonstrations of spin transfer switching and other spin-transfer 
driven devices utilizing spin-valves and MTJs with PMA will be presented. 
 
2.1. Perpendicular anisotropy 
Perpendicular magnetic anisotropy has been observed in several magnetic materials 
including multi-layers such as Co/Pt, Co/Pd, Co/Ni, CoFe/Pt, CoFe/Pd, and Co/Cr/Pt, 
alloys such as CoPt, FePt, and CoCr and rare-earth transition metal (RE-TM) alloys such 
as GdFeCo and TbFeCo [1-8]. The effective perpendicular anisotropy of these materials 
has been generally presented by a combination of crystalline and stress induced 
anisotropy expressed as Eq. (2.1.1): 
 
        KFM, eff = KFM, crystalline + KFM, stress = 2,, 2)/2( sFMstressuecrystallinu Mtkk                (2.1.1) 
 
In the case of multi-layered thin films, both crystalline and stress-induced 





reviews on the origin of perpendicular anisotropy in various kinds of multi-layers 
combination of Co, Fe and Ni with Pd, Pt, Au, Cu and Cr have been made for the last few
 decades [9-14]. As the magnetic layers in these multi-layered stacks become thinner, the 
contribution of surfaces and interfaces become dominant in generating the perpendicular 
anisotropy compared to the crystal structures (bulk properties). It has been demonstrated 
that a smoother interface gives rise to a higher Neel surface anisotropy (larger interfacial 
perpendicular anisotropy). The interface anisotropy can be several orders of magnitude 
larger than magnetocrystalline anisotropy and leads to aligning the net magnetization in 
the perpendicular direction [9]. For most of Co/X multi-layers, the perpendicular 
anisotropy is higher when the X is a noble metal with a larger lattice constant than Co. 
For example, in Co/Pd (or Pt) multi-layers, the lattice mismatch was found to be more 
than 10 % resulting in exhibiting a high perpendicular anisotropy. This indicates that the 
strain caused by lattice mismatch directly relevant to the stress-induced anisotropy 
contributes to the perpendicular anisotropy in these systems [10]. Furthermore, a strong 
crystalline texture associated with crystalline anisotropy as well as Co-Pd or Pt mixture 
coherently formed at the interfaces of the multi-layered structures contributes to the 
perpendicular anisotropy [12]. On the other hand, ordered CoPt and FePt single layered 
thin films with a tetragonal L10 structure exhibit very high perpendicular magnetic 
anisotropy. Unlike the multi-layered [Co/Pd (Pt)] thin films, the perpendicular anisotropy 
in these materials is mainly due to the crystalline anisotropy. The strong 
magnetocrystalline anisotropy has been found to be attributed to the strong hybridization 
between the Pt 5-d band and Co or Fe 3-d band electronic states. Some of the key 
challenges for CoPt and FePt alloys are the reduction of the ordering temperature, and the 
 
Chapter 2  Theory and Literature Review 
 
 9
control of (001) texture. A highly oriented (001) crystal structure has been achieved using 
MgO underlayers and thermal annealing at a temperature of 350 – 400 oC [15,16]. FePt 
has been favoured for the use in ultrahigh density recording media due to its large 
perpendicular anisotropy of 7x107 erg/cm3. However, the lower magnetization value of 
CoPt is favoured for spin-transfer driven magnetization switching devices [17-20]. 
     The mechanism of perpendicular anisotropy in RE-TM alloys has not yet been fully 
understood. RE-TM alloys exist in a mixed crystalline and amorphous state. Several 
mechanisms including pair ordering, columnar microstructures, single ion anisotropy, 
exchange anisotropy, bond-orientation anisotropy and anti-parallel dipole energies have 
been considered to be attributed to the main physical origin of perpendicular anisotropy 
in these materials [21-27]. 
     Perpendicular anisotropy, which is material and crystal orientation dependent, has 
been found to be sensitive to thin film deposition conditions such as interfacial roughness, 
microstructures, formation of interfacial alloys and mechanical stress. Therefore, the 
selection of a suitable film growth technique, among MBE (Molecular Beam Epitaxy), 
evaporation techniques, sputter deposition, laser ablation deposition or electro-deposition, 
is one of the most important factors to control the perpendicular anisotropy of the 
materials. Sputter deposition is the most commonly used film growth technique in both 
research and industrial applications. Higher deposition energies lead to smoother multi-
layers with fewer defects (dense films); however, there are more instances of inter-
diffusion and stresses at the interfaces. In order to reduce these undesirable process 
conditions, sputter working parameters such as working gas pressure, input sputtering 
power, and inert gas are mainly controlled to adjust the stress, the roughness, the kinetic 
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energy of sputtered atoms, and grain size of the multi-layers. For example, a lower 
sputtering energy, higher pressure or heavier inert gas results in less energetic atoms at 
the surface of the film. The magnetoelectronic and structural properties of all the 
magnetic and non-magnetic thin films considered for spin-valve multi-layers with 
perpendicular anisotropy can be easily controlled by manipulating the sputter process 
conditions.  
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2.2. GMR behaviour in spin-valves with perpendicular anisotropy 
The GMR effect originates from the spin-dependent scattering of majority and 
minority electrons as they pass through the magnetic layers. If an electron spin is parallel 
to the magnetization of the magnetic layers, it experiences weak scattering and hence a 
low resistance channel, while an electron with the opposing spin forms a high resistance 
channel. If the magnetic layers are anti-parallel with opposing magnetization directions, 
each spin direction experiences strong scattering in the magnetic layer whose magnetic 
moments are opposite to it. This results in a high resistance state. Based on Motts two-
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The GMR effects may be observed in several spin-valve configurations with 
perpendicular anisotropy.  
In a pseudo spin-valve consisting of two magnetic layers (such as [Co/Pd], [Co/Pt] 
and [Co/Ni]) separated by a non-magnetic spacer, one of the magnetic layers is defined as 
a “hard layer” with a higher coercivity and the other is defined as a “soft layer” with a 
lower coercivity. Due to the difference in coercivity, the magnetic moments of the hard 
and soft layers are magnetically reversed at different values of the applied magnetic field, 
providing a field range in which they in an are anti-parallel spin state (high resistance 
state). However, the exchange biased spin-valve has an anti-ferromagnetic layer pinning 
the magnetization of one of the magnetic layers (pinned layer) by direct exchange 
coupling while, the other is free to rotate in response to the applied magnetic field. Due to 
the pinning caused by the exchange bias (shown as a hysteresis shift in hysteresis loop), 
the free and pinned perpendicularly magnetized ferromagnetic multi-layers exhibit anti-
parallel spin states leading to a high resistance state. For example, the [Co/Pd] based 
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spin-valves exchange biased by FeMn anti-ferromagnetic layer had a GMR ratio in the 
range of 4 and 10 % depending on Co layer thickness [29]. The main mechanism of the 
GMR effect in this structure is understood in terms of spin dependent scattering at the 
Cu/[Co/Pd] interfaces. The strong dependence of Co layer thickness on the GMR ratio 
indicates that bulk scattering is another physical contribution to the magnetoresistance 
similar to the spin-valves with in-plane anisotropy.  
Several other structures have also been introduced to improve the GMR by 
improving the spin-dependent scattering. One of these is a dual spin-valve in which the 
free layer is placed between the two pinned layers to increase the number of spin-
dependent scattering interfaces (or centres) for enhancing GMR performance. One such 
design is a dual spin-valve consisting of [CoFe/Pd] based free layer sandwiched between 
the two [Co/Pd] based hard layers with different spin-polarization ratio [30]. This 
structure can be used not only for improving GMR ratio, but also for the implementation 
of a multistate storage device, as it can allow for four distinct resistance states under the 
externally applied switching fields.  
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2.3. Magnetic Tunnelling Junctions (MTJ) With Perpendicular 
Anisotropy 
2.3.1. General Theory of Tunnelling Magnetoresistance Effects  
A magnetic tunnel junction (MTJ) consists of a thin insulating layer (tunnel 
barrier) separated by two ferromagnetic electrodes. It exhibits tunnelling 
magnetoresistance (TMR) due to spin-dependent electron tunnelling through the barrier. 
The tunnelling resistance when the magnetizations of the two ferromagnetic electrodes 
are parallel is smaller than when they are anti-parallel; this resistance change results in 
the TMR effect [31]. The TMR resistance change is defined as , where 
the P1 and the P2 represent spin-polarization of the ferromagnetic electrodes. The spin 
polarization is calculated based on the effective density of state, D, at the Fermi level 
expressed as Eq. (2.3.1), 
 
        (2.3.1) 
 
and the TMR is defined in terms of the spin polarization given by Eq. (2.3.2). 
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Initial research on MTJs was based on Al-O barriers, in which various block 
states with different states tunnel incoherently through the amorphous barrier. However, 
this tunnelling mechanism was found to lead to the reduction in spin-polarization and 
accordingly resulted in decreasing TMR ratio. A TMR ratio of 70% has been achieved in 
this structure even after optimizing all the fabrication process and materials [32].  
 
 
Figure 2.3.1 :  Schematic illustrations of electron tunnelling through (a) an amorphous Al–
O barrier and (b) a crystalline MgO(001) barrier. 
 
More recently, an MgO (001) tunnel barrier instead of AlOx has been attempted as 
a tunnel barrier and found to produce a TMR ratio over 600 % at room temperature [33]. 
With a defect-free crystalline MgO barrier, the Block states with Δ1 symmetry 
dominantly tunnel through the barrier, as the MgO acts as a symmetry filter as illustrated 
in Figure 2.3.1. Furthermore, MTJs with MgO tunnel barrier and ferromagnetic 
electrodes composed of Fe or Co and its alloys such as Fe, FeCo, CoFe, CoFeB, which 
are fully spin-polarized in the [001] direction at the Fermi level, have been recently 
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revealed to exhibit a high TMR value that is preferred to advanced spintronics 
applications.  
2.3.2. Initial and Recent Works on MTJs with Perpendicular Anisotropy 
With the potential advantages promised by perpendicular anisotropy materials in 
spintronics device applications at an extremely low dimension, there has been an interest 
in studies of MTJs with ferromagnetic electrodes with perpendicular anisotropy.  
According to the first report on the TMR in a MTJ with perpendicular anisotropy in 2002, 
a MTJ device with RE-TM based ferromagnetic electrodes with perpendicular anisotropy 
and an AlOx tunnelling barrier showed a TMR ratio of more than 50%. In particular, this 
MTJ structure showed very stable TMR behaviour independent of the barrier thickness 
[34].  
By considering the instability of TMR performance depending on the tunnel 
barrier observed from the MTJs with in-plane anisotropy, the high magnetic stability as 
well as good thermal stability of the MTJs with perpendicular anisotropy has triggered 
significant interest in the spintronics research area. Hence, several intensive research 
efforts have been made over the past few years to develop various kinds of new 
functional MTJ systems with perpendicular anisotropy.  
A variety of technical approaches in terms of materials science and physics have 
been intensively attempted by different research groups to achieve high TMR in systems 
with perpendicular anisotropy. These include, using high spin polarization materials such 
as Fe, CoFe and CoFeB as insertion layers between the perpendicular anisotropy 
ferromagnetic material and the MgO tunnel barrier to improve the crystalline texture for 
coherent tunnelling and to reduce lattice mismatch in the MgO barrier as well as 
 
Chapter 2  Theory and Literature Review 
 
 17
optimizing deposition conditions of MgO tunnel barrier to make perfect (001) texture and 
obtain bulk stoichiometry of the MgO.  
As a result, a TMR ratio of 200% has been recently demonstrated in a MTJ 
structure with Fe based single layered ferromagnetic electrodes with perpendicular 
anisotropy and MgO tunnelling barrier [35].  
More efforts on the improvement of TMR performance and the development of 
high density and high speed MRAM devices using MTJs with perpendicular anisotropy 
are currently being made in both industry and academia for commercialization. Some of 
the distinct works directly relevant MTJs and MTJ based devices with perpendicular 
anisotropy are summarized in Table 2.3.1.  
 
Structure TMR ratio (%) Remarks Reference 
[Co/Pd or Ni]n/CoFeB/MgO 
/CoFeB/[Co/Pd or Ni]n 
10% TMR not improved by 
annealing for CoFeB/MgO 
crystallization 
[36] 
[Co/Pt]/AlOx/[Co/Pt]  14.7% Annealing of patterned 





Not reported Polycrystalline MgO  [38] 
Co90Fe10/Pd electrodes with 
CoFeB insertion, MgO barrier 
1.7% fcc(111) electrodes but 
imperfect MgO 
[39] 
with Co50Fe50 3%  
CoFe/Pd electrodes with 
Co20Fe60B20/MgO/Fe 
insertion 
78% Fe above MgO improves 
interface crystallinity 
[40] 
Co60Cr20Pt20/CoFe/Ru/CoFe/ 6%  [41] 
 






6%  [41] 
GdFeCo/Fe/MgO/Fe/TbFeCo 64% (CIPT) Perpendicular anisotropy by 




Fe and FeCo insertion 
105-120% 
(CIPT) 
Lattice mismatch relayed by 
Fe insertion 
[43] 
[Co/Pd]/MgO/[Co/Pd] 10-12%  [44] 
IrMn/Co/Pd exchange biased 8% 
L10-Co50Pt50/MgO/L10-
Co50Pt50 
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2.4. Interlayer coupling mechanisms in magnetic multilayer 
structures 
In the case of two magnetic materials sharing an interface either directly, or 
indirectly through an intermediate non-magnetic layer, the interlayer coupling energies 
need to be taken into account to understand the magnetic properties of these structures. In 
particular the interlayer coupling energies play an important role in understanding the 
reversal mechanisms and the GMR/TMR of spin-valves and MTJ structures as a function 
of their spacer layer thickness. However, most of the interlayer coupling mechanisms 
studied thus far are with regard to in-plane anisotropy materials.  
 
2.4.1. Pinhole coupling 
Pinhole coupling is a form of direct exchange coupling, which occurs when there 
are defects (or pinholes) in the non-magnetic spacer layer in a spin-valve or MTJ 
structure. Usually this form of coupling is noticed when the spacer layer is of very low 
thickness. In such cases, the direct contact of the two magnetic layers results in a 
ferromagnetic coupling. This results in the two ferromagnetic layers acting as a single 
film with a coercive field that is in-between that of the two separate layers.[46, 47] 
 
2.4.2. Neel or Orange-peel coupling 
Neel coupling, also known as orange peel coupling, is a form of ferromagnetic 
coupling that occurs due to the magnetostatic interactions resulting from the topography 
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of an interface [48]. The roughness or topography of the two materials at an interface is 
generally correlated, and this leads to dipoles being set up in the topological structures at 
the interface as shown in Figure 2.4.1. These dipolar interactions give rise to a 
ferromagnetic coupling. This form of coupling is generally dominant where the spacer 
layer thickness is larger.  
 
Figure 2.4.1 : Schematic of topology and dipole interaction giving rise to Neel coupling 
 
By considering a structure with a spacer layer thickness of t, the Neel coupling may be 











    (2.4.1) 
 
where h is the waviness amplitude, and λ is the wavelength (peak-to-peak distance) of the 
surface variations (or roughness) [49].  
 
2.4.3. RKKY coupling 
Ruderman-Kittel-Kasuya-Yosida (RKKY) is an oscillatory indirect exchange 
coupling that is observed in multilayer structures with good crystallographic structures. 
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The amplitude, period and the nature (ferromagnetic/anti-ferromagnetic) of the coupling 
depends on the thickness of the spacer layer. [50] Theoretical models indicate that the 
period of the oscillations is related to the Fermi surface of the spacer layer material. [51]  
 
2.4.4. Model for Orange-peel coupling in spin-valves with perpendicular 
anisotropy 
Neel’s theory of magnetostatic coupling in magnetic multi-layers has been 
extended for multi-layers with perpendicular anisotropy and used to interpret the 
coupling in [Co/Pt] exchange biased spin-valves with Pt spacer [52].  
     For two ferromagnetic layers with thickness of t separated by a spacer with thickness 






xhz 2cos                            (2.4.2) 
 
Where, 2h and T represent the peak-to-peak amplitude of the roughness and its 
wavelength. Furthermore, the local magnetizations can be described by pxx cos)( 0  , 
where 
T
p 2  and ψ0 represents the amplitude of the magnetization fluctuations 
calculated by minimizing the total energy of the system according to instances of parallel 
and antiparallel magnetization alignments. The angular difference between the normal to 
the interface and the z-direction (θ) as defined as pxhpx cos)(  . The energy terms 
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consist of exchange energies within each magnetic layer, anisotropy energy at each 
















            (2.4.3) 
 
Where, A is the exchange constant. Assuming that the anisotropy axis is always locally 
normal to the interface the anisotropy energy is given by Eq. (2.4.4), 
 
                           Tani hpKtdxxxTtE 0 202 )()()(cos2                 (2.4.4) 
 
The magnetostatic energy eventually expressed as Eq. (2.4.5), 
 























10  (2.4.5) 
 
Where, σ0, σ1, and σ2 are related to the interface density of charges σs, and bulk density of 
charges σv. The interface density of charges is given by Eq. (2.4.6), 
 
                             pxpxM ss 2coscos)(cos 1000                (2.4.6) 
 









 sM and 2001 )(4  
sM . 
 




     The bulk density of charges is given by pxv sin2  with tpM s 02   . The total 
energy is the sum of the exchange, anisotropy and magnetostatic energies, which is then 
minimized with respect to ψ0 in the parallel and antiparallel magnetic configurations. The 
interlayer coupling is thus given by the difference in the total energies between the 
parallel and anti-parallel configurations. 
     The orange-peel interlayer coupling can favour either parallel or anti-parallel coupling 
depending on the anisotropy. In the case of low anisotropy, the magnetization is parallel 
to the perpendicular direction in order to minimize surface charges and due to exchange 
stiffness, there are no volume charges. There is a dominant magnetostatic interaction 
between the opposite interface charge densities facing each other as shown in Fig 2.4.2-a.  
On the other hand, for large anisotropies, the magnetization is aligned along the normal to 
the interface. The interfaces do not generate any coupling as they are uniformly charged, 
rather the oscillatory distribution of volume charges are out of phase for antiparallel 
alignment, which is magnetostatically favourable as illustrated in Fig. 2.4.2-b. 
 
 
Figure 2.4.2 : Schematic representation of magnetization in the case of low 
anisotropy (a) and high anisotropy (b) [52]  
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2.5. Extraordinary Hall Effect (EHE)  
The Hall resistance of a ferromagnetic film includes two components. The first is 
the ordinary Hall component which is proportional to the applied magnetic field (H). The 
other known as the extraordinary (or anomalous) Hall effect component, is proportional 
to the perpendicular component of the spontaneous magnetization (M) of the material and 






H 0       (2.5.1) 
 
The ordinary Hall coefficient R0, is understood to depend on the carrier density. On the 
other hand, the extraordinary Hall coefficients RS, is found to depend on a variety of 
material specific parameters, particularly the longitudinal resistivity. [53] Various 
theoretical and experimental works indicate that the anomalous Hall effect may 
interpreted as being an extrinsic effect due to the spin-dependent scattering (side-jump or 
skew) of the electrons or an intrinsic effect relevant to the electrons Berry phase 
curvature as shown in Figure 2.5.1.[54] 
 Given this direct relationship between the Hall resistivity and the perpendicular 
component of the magnetization, it is has been used as a simple and effective tool for the 
study of magnetic behaviour in thin films and nanostructured magnetic films. 
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2.6. Applications of GMR and TMR Devices with Perpendicular 
Anisotropy 
Perpendicular anisotropy materials have been widely considered for the 
applications in magneto-optical recording, hard-disk media and heat assisted magnetic 
recording media for the past few years. In more recent years, GMR spin-valves and TMR 
MTJ devices with perpendicular anisotropy have been intensively studied for their 
applications in spintronics such as a spin transfer switching MRAM, spin transfer 
oscillator, and spin polarized current-induced domain wall switching memory, due to 
their high magnetic stability and a lower operating current density. The physical 
mechanisms of the devices and research into the optimization of the devices are discussed 
in this section. 
 
2.6.1. Spin Transfer Torque Magnetic Random Access Memory 
As illustrated in Figure 2.6.1, when conduction electrons pass through a magnetic 
layer, their spins preferentially align in the direction of the magnetization of that layer 
(spin polarization). As these spin polarized electrons encounter a free nano-magnetic 
material sandwiched between nonmagnetic spacers, the direction of their spins is 
repolarised to match that of the nano-magnet. This repolarisation exerts a torque on the 
nano-magnet and as a result, its magnetic moment begins to precess. If the current (or 
rate of electron flow) is below a critical value, the damping torque is larger than the spin 
torque and the precession is quickly damped with the magnet settling into static 
equilibrium. If the current is above this critical current, the spin torque is much larger 
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than the damping torque and the precession increases in amplitude until the 
magnetization direction is completely reversed. This spin transfer torque exerted on a 
ferromagnetic layer by a sufficiently large spin polarized current, allows the manipulation 
of magnetization in a spin-valve or magnetic tunnelling junction (MTJ) into parallel (P) 
or anti-parallel (AP) states without the application of an external magnetic field. The AP 
to P transition takes place due to the spin-torque from the majority electrons polarized by 
the hard ferromagnetic layer as the electron flow direction is from the hard to the soft 
ferromagnetic layer, while the P to AP transition takes place due to the spin-torque from 















Figure 2.6.1 : Spin Transfer switching mechanism  













Early works on spin transfer torque MRAM (See Figure 2.6.2) have been done on 
spin-valves and MTJs with in-plane anisotropy. However it has been theoretically 
anticipated that a significant enhancement and a higher thermal stability may be achieved 
for perpendicular anisotropy elements.  
 
 
Figure 2.6.2 : Comparison of conventional MRAM (left) with STT-MRAM (right) cell (BL: 
bit line, SL: source line, WL: word line) 
 
The critical reversal currents can be estimated based on Landau-Lifshitz-Gilbert 
(LLG) equations including spin-transfer torque term. For an in-plane anisotropy element, 
the critical current required for switching is given by Eq. (2.6.1).  
 
   (2.6.1) 
 
where, MS, V and α are the saturation magnetization, volume and Gilbert damping 
constant for the free layer, respectively, and p is the spin polarization of the current. H, 
Hdip and HK|| are the in-plane applied field, dipole field from the reference layer acting on 
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For the spin transfer switching devices with perpendicular anisotropy, the critical currents 
to induce spin transfer magnetization reversal is given by Eq. (2.6.2). 
 
   (2.6.2) 
 
It can be clearly seen that the energy barrier against thermal fluctuation is 
MSVHK/2 for in-plane elements and MSV(HK-4πMS)/2 for perpendicular elements. This 
indicates that the critical current of perpendicular elements for switching is directly 
proportional to the anisotropy and hence the stability of the element. Since the first 
demonstration of spin transfer switching in full metal spin-valves using Co/Pt and Co/Ni 
multi-layers with perpendicular anisotropy was done in 2006 [1], extensive research 
efforts in the development of spin-valves and MTJs with perpendicular anisotropy for the 
spin-transfer torque MRAM have been made [55-57] to achieve a higher density and a 
highly stable MRAM devices in commercialization. Table 2.5.1 shows the summary of 
research progress and achievements of various kinds of spin-valves and MTJ structures as 
well as their device performance in MRAM applications made so far.  
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[CoFe/Pt]7 0.47% AP-P: 1 x108 
DC sweep 
[L10FePt/Au/ L10FePt] CPP GMR 
0.067% 
5.4 AP-P: 1 x108 





TMR 15% 1.2 P-AP: 4.9 x106 



















0.13 AP-P: 2.9- 3.2 x108 
10ns 
[Co/Pt]/Cu/[Co/Pt] CPP GMR 
0.33% 
0.5 P-AP: 9.2 x107 






0.245 300ps switching [61] 
 
Table  2.6.1 : Summary of spin-transfer switching device performance with perpendicular 
anisotropy 
 
2.6.2. Domain Wall Nucleation and Manipulation by Spin Polarized Current in 
GMR Devices with Perpendicular Anisotropy for Multi-State Storage 
As a peculiar feature for GMR devices with perpendicular anisotropy, there have 
been a few of reports [62,63] of domain wall states, which have been nucleated under a 
spin polarized current, stabilized and manipulated in nanopillars. Although this may be a 
drawback in current MRAM applications where care is taken to avoid domains within the 
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magnetic layers, careful control of the domain wall creation may be of interest in 
development of multi-bits storage systems. 
It was found that although domain wall states could be nucleated and manipulated 
by a spin-polarized current within a small distribution, the mechanism strongly depended 
on the presence of structural and magnetic imhomogenities in the device [63]. In order to 
utilize this phenomenon in spintronics devices, precise control of the magnetic properties 
of the films and the fabrication of pinning sites are essential.  
 
2.6.3. Spin Torque Oscillator 
Spin transfer torque leads not only to reversal magnetization direction but also to 
the generation of high frequency precession of the magnetization. This steady-state 
precession corresponds to a state where the spin-transfer torque opposes and cancels the 
damping torque. Precession of the magnetization in spin-valves or MTJs paves the way 
for applications such as wide-band tuneable radio-frequency oscillators [64,65]. Early 
spin-transfer precession was observed in systems where both the spin polarizer and free 
layer have an in-plane anisotropy [66]. However a more efficient system would be to 
have the polarizer with perpendicular anisotropy. Polarizing the spins perpendicular to 
the free layer has several advantages including higher precession frequencies and lower 
precession currents [67]. With the perpendicular polarizer configurations, high frequency 
oscillations have been observed for both negative and positive injection currents. 
The spin torque oscillator provides continuous frequency tenability from zero to 
several gigahertz depending on the injected current. At low current densities, the 
oscillating frequency linearly increases with the current density. The relationship between 
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the frequency and the injected current density is derived from the modified LLG equation 
as given by Eq. (2.6.3) 
 
       (2.6.3) 
 
where, f is the oscillating frequency, J is the injected current density, Ms and δ are the 
saturation magnetization and thickness respectively, P0 denotes the polarizing faction of 
the spin current and α is the Gilbert damping constant [68]. As the current reaches a 
critical value, the frequency becomes a maximum and then the magnetization of the 
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CHAPTER 3. EXPERIMENTAL TECHNIQUES 
This chapter presents an overview of the experimental techniques utilized in this 
research work. The first section looks at the thin film deposition techniques used and 
their optimization for obtaining the required conditions for the device thin-films, 
electrodes and insulation layers. The next section provides a detailed look at the CIP, 
CPP and STS device fabrication steps with an emphasis on the nano structured device 
patterning, associated challenges and methods employed to overcome these challenges. 
Finally the different thin-film and device characterization techniques employed in this 
research work are presented. These include magnetic characterization, microstructural 
analysis and electrical characterization; with a special emphasis on the custom built 
systems used for device characterization. 
 
3.1. Thin film deposition techniques 
3.1.1. Sputter deposition 
DC and RF magnetron sputter deposition were the main techniques used in 
depositing the magnetic multilayers, electrode and insulation materials for this research 
work. The sputter deposition was done using an AJA dual chamber sputtering system 
(Figure 3.1.1). The first chamber contained 4 targets which were primarily the oxide 
targets, while the second chamber contained 6 targets including the Co, Pd, Cu and Ta 
targets. Such a separation of the oxide targets prevented oxygen contamination of the 
magnetic materials. The multiple target sources were arranged in a circular pattern and 
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tilted such that they were aimed at a common focal point on the substrate holder. The 
holder was rotated during deposition to ensure film uniformity.  
 
 
Figure 3.1.1 : AJA dual chamber sputtering system used in this work 
  
In a typical DC sputtering process (as shown in Figure 3.1.2), the gas ions in 
plasma (Ar in this case) are accelerated towards the target material using a negative target 
potential. The impacting ions cause the target material to be removed and then deposited 
onto the substrate. The impacting ions also generate secondary electrons which feed the 
formation of further ions and sustain the plasma. [1] In magnetron sputtering, magnetic 
arrangements beneath the cathode, trap the free electrons in a circuitous path above the 
target, thus enhancing the ionization rate. Magnetron sputtering also allows for the 
plasma to be sustained at much lower pressures allowing higher quality films to be 
produced. In the case of an insulating material, however, a DC ion plasma would die off 
since the bombardment with positive ions would charge up the surface of the target. Thus 
a radio frequency (RF) AC voltage was applied to the target to prevent the charge build 
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up. For the case of Al-O and SiO2, O2 gas was used in addition to carry out reactive 




Figure 3.1.2 : Typical DC magnetron sputtering process 
 
 The films used in this work were deposited at room temperature with the base 
pressure kept below 410-8 Torr. No in-situ magnetic fields were used during deposition 
and the Ar working gas pressure was varied between 2mT and 10mT for the metallic 
materials and 25mT for insulating materials. The thicknesses of the deposited materials 
were calibrated using films of 50 – 5nm thick and averaged surface profiler and atomic 
force microscopy (AFM) measurements. The rates were found to be constant over the 
range of thickness and hence could be assumed to be the same for the <1nm thicknesses 
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required for the multilayers in this project. In the case of magnetron sputtering it is 
known that the profile of the target and hence the magnetic field profile changes with its 
age. The deposition rates were measured periodically and were found to be within a 
reasonable variation of 5%. It is well known that the sputter working pressure and power 
can control the microstructure of the deposited films. For example, at low pressures, the 
mobility of the sputtered atoms on the surface of the substrate is high, since there is less 
loss of energy due to collisions, leading to a reduction in the surface roughness. These 
changes in the microstructure lead to changes in the magnetic properties as studied in § 4. 









Co 50 2 0.265 
Pd 30-80 2-10 0.352 – 0.976 
Cu 30-80 1-10 0.2630- 1.38 
NiFe 50 2 0.334 
Ta 50 2 0.426 
Al-O 100 , 200 2 , 5 0.233 - 0.072 
SiO2 200 5 0.1 
Al 100 2 0.7 
 
Table  3.1.1 : Sputtering conditions of materials used in this work 
 
 




In the research work carried out for this thesis, thermal evaporation was primarily 
used to deposit electrodes and electron beam lithography (EBL) markers necessary for 
device fabrication. A 150 – 200nm thick gold (Au) was used as the electrode material due 
its high electrical conductivity. However a thin (15nm) layer of chromium (Cr) was 
necessary to provide good adhesion to the Si substrate. The same material combination 
was used for the EBL markers since Au provides high contrast under the SEM allowing 
for accurate alignment of the samples. 
 The evaporation was carried out in an EV 2000 thermal and e-beam evaporation 
system from Korea Vacuum Technology. The thermal evaporation was carried out under 
a base pressure of 1  10-6 Torr, with the samples placed on rotating holders at the top of 
the chamber. Since two thermal source holders were present, both Cr and Au could be 
deposited on the samples without breaking the vacuum. The deposition rates were 
monitored with the use of a quartz crystal microbalance. 
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3.2. Device fabrication methodology and techniques 
3.2.1. Sample preparation 
The samples prepared in this research work were deposited on 500μm thick Si (100) 
substrates, with and without a layer of thermal SiO2. The wafers were first cleaved into 
10 10 mm2 and 5 5 mm2 pieces using a wafer dicer. This process as well as further 
handling introduces contaminants onto the surface of the substrate. The following 
cleaning process was implemented followed by storage in a clean room environment until 
the entire processing was complete: 
 Acetone (with 5min in ultrasonic bath)  
 Isopropanol (IPA) (with 5min in ultrasonic bath) 
 De-ionized water (DIW) (with 5min in ultrasonic bath) 
 Isopropanol (with 5min in ultrasonic bath) 
 Nitrogen blow dry  
While the Acetone, IPA and DIW, remove organic and other contaminants the ultrasonic 
agitation aids in displacing particulate material on the surface. The final IPA step was 
found to be necessary as certain photo- and EBL resists used in subsequent processes 
were either hydrophobic or reacted with water. Hot plate drying was also carried out to 
ensure no residual moisture was present prior to spinning on the resists.  
 The cleaned wafers were inspected under an optical microscope to ensure that 
each piece was free of significant numbers of particulates.  
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3.2.2. Photo lithography 
Photolithography was used to transfer patterns on a mask to a photoresist layer on 
the substrate that is sensitive to UV exposure. The exposure was carried out using a Karl 
Suss MA6 system (Fig 3.2.1) which utilizes a mercury lamp as the UV light source. The 
positive photo mask was composed of quartz and Cr features (as shown in Fig. 3.2.2). 
UV light is able to pass through the quartz regions but is blocked by the Cr regions of the 
mask. In this project both negative and positive photoresists were used (details in Table 
3.2.1). Positive photo resists are insoluble in the development solution, but become 
soluble after being exposed to UV light. The positive photoresists PFI and maP1420 were 
used in this project when lift off processes such as for the top-electrode were necessary. 
On the other hand, negative photo resists are primarily soluble in the development 
solution and become insoluble after UV exposure. The negative photoresist maN1420 




Figure 3.2.1 : Karl Suss MA6 used for photolithography processes 
 






Figure 3.2.2 : Mask used for photolithography (left) and optical microscope image of one of 
the bottom electrode pad regions on the mask (right) 
 
 
3.2.3. Electron beam lithography (EBL) 
Electron beam lithography (EBL) utilizes a focused beam of electrons to expose 
patterns on electron beam sensitive resists. An Elionix EL7700 75keV system (Figure 
3.2.3) is used to define nanometer scale patterns for devices and nano-contacts in this 
work. The highly accelerated electron beam in this system was able to produce a spot size 
of 2nm and patterns with a resolution of 10nm on resist [2]. Unlike an optical lithography 
system, there are no masks required for EBL; however, since it scans across the wafer in 
a serial manner it is a much slower process.  
 
 




Figure 3.2.3 : Elionix EL7700 used for electron beam lithography processes 
 
Both positive and negative EBL resists were available and used for different 
purposes in this work. Details of the EBL resists used and their processing parameters are 
summarized in Table 3.2.1. PMMA is a positive resist, which means that the exposed 
region is removed after development. It was used to define nano-contact regions which 
are then transferred to the substrate by lift-off.  
 
 
Figure 3.2.4: Definition of nano contacts using EBL and PMMA resist. Contacts with a 
25nm gap in resist (left) and contacts after metal deposition and liftoff process (right) 
 
In order to define the device region, negative EBL resists such as hydrogen 
silsesquioxane (HSQ) from Dow Corning (product FOx), and maN2400 series from 
Device 
nano contact with EBL 
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microresists technology GmbH were investigated. Negative resists serve as both the etch 
mask for subsequent ion milling and can be used for self aligned lift off of the insulation 
with careful tuning of the resist structures. 
Exposure of HSQ to EBL is similar to thermal curing (as initially used in spin on 
dielectric layers). The curing process leads to a condensation of the Si-OH groups to Si-
O-Si bonds forming an insoluble network structure similar to SiO2 [3]. This property 
allowed for HSQ to be a good etch mask as described in § 3.2.4 however it was also 
insoluble in solvents and can only be removed with buffered HF solutions which can 
damage other parts of the device structure. It was also found that the capping layer of Pd 
on top of the device stack leads to poor resist adhesion whereby the exposed resist 
patterns float off on development [4]. To solve this problem a thin layer of Ta was 
deposited prior to spin-coating the resist. The Ta also served as a sacrificial layer in case 
of over-etching. Optimization of the resist processing conditions and EBL dose and 
development times allowed for a wide range of nano sized device structures to be 
patterned down to 40nm in dimension as shown in Figure 3.2.5. This high resolution of 
the HSQ resist makes it highly suitable for patterning the CPP and CIP device regions. 
 




   
   
Figure 3.2.5: SEM top view of device pillars made with HSQ (with different shapes, sizes 
and aspect ratios) 
 
The potential for using HSQ for a self-aligned lift off process for the insulation 
layer in CPP fabrication was also explored. Since HSQ itself is not soluble in a solvent, 
PMGI (SF-2, 35nm thick) was used as an underlayer in a bi-layer process. Since PMGI 
also uses TMAH as a developer, a one-step development process was sufficient to 
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develop both the HSQ and SF-2 layers. It was found that the baking time and temperature 
of the SF-2 greatly affected the undercut rate. With optimization of these parameters and 
the development time, structures down to 80nm were fabricated with sufficient undercut 
as shown in Fig 3.2.6. 
 
 
Figure 3.2.6: Resist cross section of device patterning; 100 x 60nm (A), 80 x 80nm (B), 120 x 
60nm (C) on PMGI + HSQ  
 
 
Interestingly, as shown in Figure 3.2.7, it was found that the undercut rates 
differed based on the shape and size of the HSQ pattern. For a 15060 nm rectangular 
shape, a 30nm undercut was found only at the length of the rectangle (Fig 3.2.7(a)-(b)). 
For circular structures a uniform undercut was observed. This meant that the structure 
would still remain stable while providing sufficient undercut for liftoff. 
 Unfortunately, since the thickness of the SF-2 layer was only 35nm, it would only 
allow for lift off of oxide layers thinner than 35nm, which was insufficient for the CPP 
process. Thick PMGI resists were explored but were found to be mechanically unstable 
and the undercut rate was not very controllable. 
A B C 
 




Figure 3.2.7: Cross-sectional SEM images of device pillars etched by ion milling using HSQ 
150  60nm rectangle (a, b) and 100nm (c) , 120nm (d) dots 
 
 
The maN-2400 series of resists was the other negative EBL resist explored for 
device patterning. maN 2405 (500nm thick) and maN 2403 (300nm thick) were found to 
be ideal as both a etch mask and for the self-aligned lift off of the oxide. They had a high 
aspect ratio and were removable using conventional solvents. Although the resolution 
was not as high as that for HSQ, it was found that dots down to 60nm could be reliably 
fabricated using maN 2405 (Figure 3.2.8) 
120nm dot 
150 nm (length) 













Figure 3.2.8: SEM top view of devices patterned with maN 2405 down to 60nm dimension 
 
 
The self-aligned lift off process was carried out successfully as shown in Figures 3.2.9 -
3.2.10. It was important however to control the etching parameters to prevent overheating 
and hardening of the resist. 
 
 
Figure 3.2.9: SEM top view of devices patterned with maN 2405 after SiO2 deposition (left) 









Figure 3.2.10: AFM and sectional analysis of the device region after self-aligned liftoff 
process using maN 2400 series. 
 
 
3.2.4. Ion beam etching 
Ion milling of the bottom electrodes and device pillars were done using a Roth & 
Rau IonSys 500 system. It system includes Ar and O2 gas sources, as well as other gas 
sources, for reactive etching not used in this project. Ion milling as used in this project is 
a non-reactive method to sputter away the substrate surface using Ar plasma. O2 was 
introduced for etching of MTJ devices as it oxidizes the surfaces being etched to prevent 
shorting across the exposed tunnel barrier due to re-deposited metal atoms. The etching 
rate was primarily controlled by the etching power and angle. High etching power caused 
the substrate to heat up (even with backside He cooling), thus a lower power and a 
stepped process to include cooling time was utilized. The etching angle was crucial in 
developing a good etch profile as well as preventing re-deposition of sputtered atoms. 
For the bottom electrode, maN1420 with a thickness of 1.5µm formed the etch 
mask. In order to define the device region on the other hand, a HSQ and maN2405 or 
maN2403 were used as the etch mask. For small device sizes, the controlling of the angle 
to give an ideal device profile was crucial. As shown in Fig 3.2.11 different resist 
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thicknesses and ion milling angle resulted in significantly different device profiles. Using 
a 100nm thick HSQ resist and a milling angle of 30 from the film normal, resulted in 
tapered sidewall profile. Although a large angle was ideal to prevent redeposition, this 
tapered profile would result in degraded device performance. Conversely, using a milling 
angle of 10 from the film normal resulted in an almost vertical sidewall profile.  
 
 
Figure 3.2.11: Cross-sectional SEM images of device pillars etched by ion milling using 
HSQ as an etch mask. The angle of etching from the film normal is 30 (left) and 10 (right) 
 
Since the thickness of the device layers was <35nm, it was found that a HSQ resist of 
even 60nm was sufficient and also resulted in a very short device pillar that would aid 
planarization.  
 One of the techniques employed to planarize the insulation layer above the device 
pillar and create an opening for the top electrode was glancing angle planarization 
technique. Ion milling at an angle of 80 or less from the film normal (“glancing angle”) 
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reduced the lateral dimensions of the insulator protruding above the device pillar, 
subsequently exposing the device pillar. Using AFM it was possible to calibrate the point 
at which the profile changes from a protrusion to a depression. However, this method of 
planarization was found to have poor repeatability, probably due to non-uniformities in 
the insulation layer, and long ion milling times leading to heating up of the magnetic 
layers. 
 
3.2.5. Wire Bonding 
Certain electrical measurements of the thin-films as well as the devices were 
carried out after mounting them onto a 24-pin chip carrier. The wire bonding was carried 
out using a Kulicke and Soffa 4524AD Wire Bonder, utilizing gold wire. In the case of 
thin films, the contacts were made on the film surface using tiny pieces of indium, while 
the CIP and CPP devices had Au bond pads. The gold wire was bonded onto the indium 
or Au bond pads on the device and then onto the Au bond pads of the chip carrier. The 
finished device package is shown in Figure 3.2.12  
 
 
Figure 3.2.12: Patterned device mounted and wire bonded to a 24 pin chip carrier 
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3.2.6. CIP device fabrication 
For simple characterization of devices at nano-meter dimensions, the device area 
was defined by EBL and ion-beam etching with subsequent electrode alignment and 
deposition on either side of the patterned device as shown in Figure 3.2.13. In CIP 
measurements, there is current shunting through low resistance layers, thus reducing the 




Figure 3.2.13: Fabrication process of nano-size controlled spin-valves devices with 
perpendicular anisotropy for CIP measurement 
 
The detailed CIP fabrication steps were as follows (illustrated in Fig 3.2.13):  
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Step 1: The spin-valve structure was deposited on pre-cleaned Si substrates by 
magnetron sputter deposition 
 
Step 2: Negative EBL resist (HSQ-flowable oxide) was spun on for patterning. 
(thickness 100nm) 
Step 3: Devices were patterned using EBL at a dose of 1280μC/cm2 and developed 
using TMAH:DI-water (3:1) solution. Isolated devices and alignment markers 
were patterned for subsequent contact alignment for MR measurement. 
 
Step 4: The spin-valve was etched by ion-milling. The angle of ion-milling was 
controlled to achieve minimal side wall sloping but at the same time preventing 
redeposition. Angular sidewalls seriously affect the magnetic property of the 
pillar as the size becomes <100nm.   
 
Step 5: The nano-contacts were first formed using positive EBL resist (PMMA 950). A 
contact material (Cr/Au) was then deposited by thermal evaporation and the 
pattern is transferred by liftoff in Acetone. 
 
Step 6: Photolithography was used to pattern the larger contacts again using a positive 
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The key challenge in this CIP fabrication process was the alignment of the nano-
contacts to the etched devices. It was found that the alignment marks patterned together 
with the device layers did not show enough contrast due to the small thickness and poor 
SEM contrast of the Co/Pd layers, as well as the reduction in accuracy of the patterns 
after ion milling. In order to overcome this problem an additional step of patterning EBL 
markers using PMMA 950 and subsequent Au deposition was carried out before device 
patterning. All the subsequent alignment was done with reference to these markers. 
 
3.2.7. CPP and STS device fabrication 
For current-perpendicular to plane (CPP) geometry, the electrodes are above and 
below the spin-valve or MTJ structure such that the current direction is perpendicular to 
the film planes. CPP devices require well defined nano-device fabrication. Generally CPP 
fabrication is based on either subtractive or additive processes. In the subtractive process, 
the multi-layer structure is first deposited onto the substrate. The pillar shaped structure is 
subsequently fabricated by masked etching steps to remove parts of the film. After 
electrical isolation with an oxide film and etch-back or planarization process, the top 
electrode is deposited. An additive process uses a predefined structure on the substrate as 
a mask to define the CPP structure. This process is simpler than the subtractive process, 
as magnetic materials have problems associated with etching. However at very small 
dimensions there are challenges of eliminating side wall deposition, crowning etc which 
can interfere with the magnetic signal produced from the device itself. In this work the 
devices were made with a subtractive process as shown in Figure 3.2.14 
 
 




Figure 3.2.14: Fabrication process of nano-size controlled spin-valves devices with 
perpendicular anisotropy for CPP and spin-transfer switching measurements 
 
 
The detailed CPP fabrication steps were as follows (illustrated in Fig 3.2.14):  
Step 1: Deposition of bottom electrode, device and capping layers on pre-cleaned Si 
substrates 
 
Step 2: Patterning of bottom electrode: using a contact mask aligner with a negative UV 
photoresist (ma-N1420, microresist technology) and ion-milling.  
 
Step 3: The device pillar was defined using electron beam lithography. Two different 
resist techniques were used:  
a. A bi-layer resist process was developed to achieve the required undercut 
for successful lift off of the subsequently deposited insulation layer. The 
bottom layer was PMGI whose undercut rate can be controlled by pre-
bake time and temperature. For the top layer two negative resists were 
   
 
 
Deposition &  
bottom electrode patterned 





Lift off resist 
& Al2O3 above pillar 
Pattern & etch SiO2 
to expose bottom electrode 
Pattern and deposit  
top electrode 
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explored. First was hydrogen silsesquioxane – HSQ (FOx-12). HSQ has 
high resolution and mechanical stability making it ideal for smaller 
nanostructures. HSQ also requires the use of an under layer as it is 
insoluble in conventional resist solvents. The exposed device patterns 
were developed in a 3:1 mixture of TMAH (AZ 300MIF) and DI water. 
The dose and development times were tuned for different sized structures. 
The second negative resist used for the top layer is ma-N1420 (used for 
the bottom electrode patterning above) thinned down to 110nm. This resist 
shows very high sensitivity to electron beams and can be used to define 
pattern structures above 100nm. It provided improved liftoff and shorter 
writing time due to its solubility in solvents and high e-beam sensitivity 
respectively. Detailed explanation of the studies done for the bi-layer 
process is found in 3.2.2. It was found that although the bi-layer process 
with HSQ was better for smaller device sizes the repeatability of the 
undercut rates was poor.  
b. maN 2405, and maN2403 were used in a single layer process step. Similar 
to maN 1420, these resists showed very high sensitivity to electron beams 
but could be used to pattern down to 60nm dots. In addition since they 
have a large aspect ratio, the lift off solution was able to easily penetrate 
and remove the resist pillar. 
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Step 4: The EBL resist structure acted as an etch mask for ion milling to define the 
device pillar. A high angle ion mill (10 from surface normal) was used to 
define the device pillar.  
 
Step 5: Oxide deposition: Two different oxide materials were used depending on 
availability: 
a. Al-O was deposited by means of RF sputtering of an Al2O3 target in Ar + 
O2 mixture. 
b. SiO2 was deposited by means of RF sputtering of an SiO2 target in Ar + 
O2 mixture.  
Although both oxides formed an effective insulation between the top and 
bottom electrodes, it was found that the SiO2 has slightly better insulating 
properties and break down voltage.  
 
Step 6: After the oxide deposition, a NMP-based solvent (mr-Rem 660) was used to 
remove the EBL resist and oxide directly above the device pillar 
 
Step 7: A contact mask aligner step was used to define an etch window to expose the 
bonding pads of the bottom electrode. The TMAH-based developer of the 
positive photoresist ma-P1240 (ma-D331) achieved resist development in 1 
minute and also selectively etched the exposed Al-O insulation in a further 4 
minutes without any detrimental effect on surrounding device and resist 
structures. This step eliminated the need for a further etching process, there by 
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increasing the efficiency of the fabrication process. In the case of a SiO2 
insulation layer, diluted HF solution was used to etch off the oxide above the 
bonding pads.  
 
Step 8: A positive photoresist (PFI-D81B8) was used with the contact mask aligner to 
define the top electrode pattern for the lift off process. The top electrode pattern 
was over exposed by twice the required dose to allow for a shorter development 
time in the TMAH-based AZ 300MIF developer. This minimized any further 
chemical etching of the Al-O insulation layer. The top electrode of Cr/Au was 
then deposited by thermal evaporation. 
 
One of the key challenges here was the removal of the oxide above the device 
layer. In initial work, the EBL resist was removed before the deposition of oxide. 
Different methods such as alignment of a contact hole, low angle planarization of the 
oxide prior to further etching down were explored with limited success. The self-aligned 
lift off of the oxide as described above gave the most repeatable results. However one of 
the major problems was that the oxide thickness was comparable to the resist pillar 
thickness in order to provide good insulation. In addition sputter deposition tended to 
cause more side-wall deposition. In order to overcome this problem, a similar self-
alignment oxide deposition-liftoff process was carried out at the bottom electrode 
definition stage (Step 2). This greatly reduced the required oxide thickness that needed to 
be deposited at Step 5. 
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Table 3.2.1 gives a summary of the different types of EBL and photo resists used 
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Table  3.2.1 : Processing parameters of the EBL and photo-resists used in this work 
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3.3. Sample characterization techniques 
3.3.1. Vibrating sample magnetometer (VSM) 
The magnetic characterization (M-H loops) of the thin films in this research work 
was measured using a vibrating sample magnetometer (VSM), EV5 from Digital 
Measurement Systems. The system (shown in Figure 3.3.1) allows for the application of a 
uniform magnetic field up to 14kOe (1.4T) generated by the electromagnets. The sample 
is mounted using on a glass rod suspended between the electromagnets and vibrated at a 
constant frequency in the vertical direction. The magnetic flux change that occurs due to 
the oscillations of the sample induces an alternating current in the pickup coils with an 
effective voltage that is proportional to the magnetic moment of the sample. [5] The 
sample rod may be rotated such that the field can be applied to the sample at any angle 
from 0 to 90 degrees to the sample plane.  
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3.3.2. Atomic force microscopy (AFM) and Magnetic force microscopy (MFM) 
In this research work, Digital Instruments Nanoscope III (DI-3100) multimode 
scanning probe microscopy (SPM) system (Fig 3.3.2) was used. It is capable of being 
used for both atomic force microscopy (AFM) and magnetic force microscopy (MFM) 
 
 
Figure 3.3.2: DI-3100 scanning probe microscope used for AFM and MFM measurements 
 
AFM characterization was used in this work to mainly study the surface roughness 
characteristics of thin films. It was also used as a method to determine if the self-aligned 
liftoff of the oxide layer above the device stack in CPP fabrication was successful by 
looking for a depression above the device stack. AFM was carried out using the Tapping 
mode. In this mode a piezo stack excites the cantilever stack causing the tip to oscillate. 
The tip deflects due to van der Waals forces between it and the surface. The reflected 
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laser beam captured by a photodiode array gives vertical height information about the 
sample. [6] 
MFM on the other hand was used in this project to study the magnetic domains of 
the thin films as well as the nano-patterned devices. As shown in Figure 3.3.3, the tip first 
scans the sample surface in tapping mode to obtain the topographical information. Using 
Lift mode the tip is raised to a specified “lift height” above the sample surface. The 
surface topography information allows the tip to maintain a constant height above the 
surface and the influence of the magnetic forces are detected. The difference in the 
cantilever resonant frequency which is proportional to the vertical gradient of the 
magnetic forces on the tip is detected which gives the magnetic information of the sample 
surface at that point. [6] The lift height needs to be carefully selected to obtain the best 
image. If the height is too large the magnetic information is lost as the fringe field 
intensity decreases with the square of the distance. On the other hand a very small lift 
height can lead to too much interaction between the tip and the sample causing 
interference signals or causing the tip to “crash”. 
 
Figure 3.3.3: MFM Lift mode sequence [6] 
 
For AFM measurements a silicon or silicon nitride tip with a small tip radius was 
used. For MFM measurements a Si tip coated with CoCr layer was used. Since the 
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coercivity of the materials studied is rather large “Standard” or High-moment” tips were 
used. The magnetic moment of these tips were not large enough to reverse the 
magnetization of the sample under study. An SEM of a typical MFM tip profile used in 
this study is shown in Figure 3.3.4. 
 
 
Figure 3.3.4: SEM of a standard MFM tip used in this project 
 
3.3.3. Scanning electron microscope (SEM) 
Scanning electron microscope is a powerful tool that utilizes the extremely small 
wavelengths of accelerated electrons to resolve features down to the nanometer scale. 
When an accelerated electron beam strikes a sample, several signals including secondary 
electrons, backscattered electrons, transmitted electrons, X-rays, Auger electrons and 
cathodaluminescence are generated. These signals allow for information such as 
topography, morphology, composition and crystallography may be obtained. In this work 
a JSM 6700F SEM from JEOL (Fig 3.3.5) was used to image the device structures 
fabricated by EBL through the detection of secondary electrons. [7] Characterization by 
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SEM formed a first step in determining the lithographic parameters required to produce 
nanometer scaled structures of the desired feature sizes. Due to charging effects in 
insulating materials such as resists, patterned structures are coated with a thin layer of Au 
before imaging (if no further experiments are to be carried out on such devices). Imaging 
of final devices was usually done after MFM or other characterization as carbon 
deposition during SEM imaging tends to adversely affect their performance. Electrostatic 
discharge, electromigration, and other measurement induced damages to device structures 




Figure 3.3.5: JSM 6700F SEM from JEOL used in this project 
 
3.3.4. Transmission electron microscope (TEM) 
Transmission electron microscopy (TEM) is a high resolution microscopy 
technique that is useful in obtaining very highly magnified images and diffraction 
patterns of samples. The multilayer structure, interfacial microstructure and selected area 
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diffraction (SAED) pattern of the deposited film structures in this work, were 
characterized using a cross-sectional transmission electron microscope (XTEM), model 
Tecnai G2 F30 S-Twin, with an operating voltage of 300kV. A TEM constitutes of a few 
condenser lenses to focus the electron beam, and an objective lens that forms the image 
of the sample on the image plane and the diffraction in the back focal plane, as well as 
intermediate lenses that determine whether a diffraction pattern or image is formed. The 
image of the sample is formed by allowing only the transmitted beam (in the case of 
bright field imaging) or one of the diffracted beams (in the case of dark field imaging) to 
pass through with the use of an aperture. [8, 9] By using a selected area diaphragm, one 
part of the sample may be selected. If the aperture is small enough the diffraction pattern 
from a single crystal may be obtained. By using selected area diffraction (SAED), it is 
possible to obtain the crystalline structure and symmetry of the lattice in a crystalline 
sample.  
 
3.3.5. X-ray diffraction (XRD) 
X-ray diffraction (XRD) technique is used in this work to study the crystal 
structures of the magnetic thin films. The atoms in a crystal lattice are arranged such that 
they form parallel planes separated by a distance, d. The d- spacing of different materials 
(and different crystal orientations of the same material) varies. An X-ray beam with a 
wavelength, , striking a crystalline surface at an angle , diffraction occurs only when 
the distance travelled by the rays reflected from successive planes differs by a complete 
number of wavelengths, n (constructive interference). In a XRD system, the X-rays are 
targeted to the film surface at an angle, , and a detector records the intensity of the X-
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rays whose scattering angles are also . As  is varied, the detector, records the intensity 
of the scattered X-rays corresponding to different d-spacings in the material.  Using 
spectras maintained by the International Center Diffraction Data (ICDD) databases, the 
peaks obtained from a sample may be compared to different orientations of a known 
material to determine the crystal structure of the films. 
 
3.3.6. 4-point probe Extraordinary Hall effect (EHE), GMR and Spin transfer 
switching measurement 
The spin and magnetoelectronic properties that were characterized in this project are: 
i. Extraordinary Hall effect (EHE): Considering that the extraordinary hall voltage 
signal is directly proportional to the perpendicular component of the 
magnetization, EHE measurements form an excellent alternative to indirectly 
measure the M-H characteristics without the use of specialized equipment such as 
VSM, AGM or MOKE.  
 
ii. Giant magnetoresistance (GMR) or TMR: For spin-valve structures the GMR 
measurements could be carried out in either CIP or CPP configurations. However 
TMR measurements can only be carried out for CPP structures. In a CIP 
configuration the actual signal from the active magnetic layers of the film was 
determined by using a parallel resistor model considering the resistances of the 
magnetic multilayers, seed/capping layers, spacer layer and electrode layers (if 
any). CIP measurement of stacks including the electrode layers could only be 
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measured for device sizes smaller than 2µm as most of the current is shunted 
through the low resistivity electrode materials. 
 
iii. Spin transfer switching (STS): This was used to measure the switching behavior 
of the spin-valves in the absence of an external magnetic field. 
For GMR and EHE measurements requiring high magnetic fields over 2.5kOe or angular 
magnetic fields, the EV5 VSM’s electromagnet and MR measurement setup were used as 





Figure 3.3.6: Measurement setup for R-H measurements at high fields using (left), holder 
for angular GMR measurements using EV5 VSM electromagnet (right) 
 
 
As part of this thesis work a self-built GMR (or EHE) and STS measurement 
systems were set up. The system was built around a Micromanipulator Probe station as 
shown in Figure 3.3.7. A custom built electromagnet capable of generating up to 2.5kOe 
magnetic fields perpendicular to the sample plane was controlled by an Agilent 3420 
voltage source and relay switching setup for both positive and negative fields. The 
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electromagnet composed of two detachable halves (as shown in Fig 3.3.8) such that the 
probes could be positioned onto the sample (placed on the pole of the bottom 
electromagnet) using the optical microscope before the top half is placed. The current (or 
voltage) can be sourced and the resistance (or current or voltage) can be measured using a 
Keithley 2420 source meter. Source currents for measurements were varied from 10µA to 
100mA.  
For STS measurements, an additional Agilent 33250A waveform generator was 
connected via a T-bias circuit to the current source line such that a pulsed current from 
durations of nanoseconds to seconds could be applied. For the measurement 
configuration the positive terminals are connected to the top electrodes and the negative 
terminals are connected to the bottom electrodes. This implies that a positive current is 
required to switch from a parallel to antiparallel state and a negative current is required to 






















Figure 3.3.8: Electromagnet set for applying perpendicular magnetic fields 
 
The GMR and STS measurement programs were implemented into an automated 
easy to use system using Nation Instruments Lab VIEW. The interfaces showing the 
parameters that can be controlled as well as the outputs for the two systems are shown in 















Figure 3.3.10: Interface of software designed for STS measurements 
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CHAPTER 4. RESULTS AND DISCUSSION 
4.1. Optimizing the magnetic properties of Co/Pd multilayers 
Co/Pd multilayers are suitable for GMR/TMR devices with perpendicular 
magnetic anisotropy (PMA), as single domain devices with good squareness and sharp 
switching characteristics may be achieved. Since a thinner Pd layer (as compared to 
thicker a Pt layer) may be used to achieve high perpendicular anisotropy, degradation of 
spin dependent transport properties due to spin orbital scattering interactions, can be 
minimized.  
Considering that the perpendicular anisotropy in Co/Pd multilayers is dependent 
on the interfacial stress induced anisotropy and crystalline anisotropy, the choice of the 
structure and deposition conditions play an important role. The anisotropy of Co/Pd 
multilayers can be varied over a wide range by controlling the number of bi-layers, Pd/Co 
thickness ratio, seed layer material and thickness, and deposition conditions. Sputtering 
conditions were chosen to provide smooth films (< 0.2nm roughness of Co/Pd films) 
which promote high crystalline quality, as well as smoother interfaces which also 
improve the GMR properties. Low Ar working pressure of 2mT and a deposition power 
of 50W were chosen as optimal deposition conditions for the thin-films in this work.  
In general, increasing the Pd thickness, reducing the Co thickness and increasing 
the number of Co/Pd bilayer repeats, are effective in increasing the PMA. However, in 
order to achieve good GMR/TMR performance and low critical current density for STS, 






a. Minimized interfacial and bulk scattering of the electrons that will reduce the 
spin-dependent scattering  
b. Increased spin-polarization ratio in the magnetic layers 
c. Spacer layers with high spin diffusion lengths 
d. Lower coercivity (HC) of the free layer and large difference in coercivity of the 
soft and hard layers. 
 
These parameters may be achieved by the selection of materials and structure of the 
ferromagnetic and spacer layers as described below: 
a. Reduced Pd layer thickness to reduce the bulk spin scattering (Pd has a short spin-
diffusion length). 
b. Increased Co layer thickness to improve the effective spin polarization ratio and 
reduce HC. Other materials such as NiFe may also be used to reduce HC as 
discussed in § 4.5 
c. Reduced number of Co/Pd bilayers to reduce interfacial spin flip scattering and 
reduce HC. 
d. Conversely reduced Co layer thickness and increased number of bilayers for the 
hard ferromagnetic layer to increase the HC allowing it to reverse at a much higher 
field than the soft layer. 
e. Use Cu spacer layer for spin-valve structure, due to its long spin-diffusion length 






4.1.1. Effect of Co and Pd thickness on the perpendicular anisotropy 
The thicknesses of Co and Pd in [Co/Pd]2 were varied to find the optimal thickness of the 
two materials that will satisfy the above conditions. Figure 4.1.1 and 4.1.2 show the 
variation of the remanence of [Co (0.5nm)/Pd (x)]2 and [Co (x)/Pd (0.3nm)]2 respectively. 
 
 
Figure 4.1.1 : Normalized remanence for substrate/ Pd5/[Co (0.5)/Pd (x)]2 /Pd(8nm) 
 
 







As can be seen in Fig 4.1.1 and 4.1.2, a strong PMA was maintained for a Pd thickness as 
low as 0.3nm and a Co thickness as high as 0.5nm. With the condition of low Ar working 
pressure of 2mT and a deposition power of 50W, the roughness of the [Co/Pd] films were 
kept below 0.2nm. The microstructure of the film initially starts off rougher as the 
sputtered atoms start nucleation, and becomes smoother as 1-2 monolayers of the film are 
formed. Film continuity was expected to be achieved at a thickness of 0.3 – 0.4nm for the 
Co and Pd layers respectively. 
 
4.1.2. Effect of number of bi-layers on the perpendicular anisotropy 
 
Figure 4.1.3 : Normalized Hall voltage signal for substrate /Pd5/[Co (0.3)/Pd (0.4)]N/ Pd (8nm) 
 
As shown in Figure 4.1.3, the coercivity of the [Co/Pd]N layers could be tuned by 
increasing the number of bilayers (N). At least 2 bilayers were necessary for PMA to be 
observed and the coercivity was varied from 100 – 600Oe by increasing the number of 
repeats from 2 – 7. With increasing the number of bi-layers from 2-7, the roughness of 





 From the above results a structure of [Co(0.6)/Pd(1.2)]2/Cu(tCo)/[Co(0.3)/ 
Pd(0.6)]4  was selected for the subsequent studies. The soft layer consisting of a thicker 
Co layer and 2 bilayers provides a low HC while the hard layer consisting of the thinner 
Co and 4 bilayers results in a larger HC . The hard layer is taken as the top layer since the 
bottom layer grown on the Pd seed has a lower coercivity compared to the same structure 
grown on top of the Cu spacer. For example, the [Co (0.3)/Pd (0.4)]4 which is the 
structure of the hard layer in this work, has a HC-Hard of 250Oe as shown in Fig 4.1.3 
when grown as the bottom layer, but showed a HC-Hard of ~500Oe when grown as the top 
layer, as shown in § 4.2. It was important to have a large enough ratio of HC-Hard / HC-Soft 
to achieve ideal GMR spin-valve characteristics. The total Co and Pd thickness were 
designed to be equal for the soft and hard layers so as to exclude the contributions from 








4.2. Effects of engineered Cu spacer on the interlayer coupling and 
GMR behavior in Pd/[Pd/Co]2/Cu/[Co/Pd]4 pseudo spin-valves with 
perpendicular anisotropy  
In this work, effects of the perpendicular interlayer coupling field formed between 
two perpendicularly magnetized ferromagnetic multi-layers separated by non-magnetic 
Cu spacer on the GMR behavior were investigated by using [Co/Pd]2/Cu/[Co/Pd]4 pseudo 
spin-valves (PSV) to understand the physical contribution of interlayer coupling field to 
the GMR behavior. In order to control the interlayer coupling field, the Cu spacer was 
engineered by changing its thickness, input sputtering power, and Ar working gas 
pressure during deposition. The contribution of topological coupling (or orange-peel 
coupling) and oscillatory RKKY coupling to the interlayer coupling field were also 
investigated to clarify the physical characteristics of perpendicular interlayer coupling 
field. A physical model, which can elucidate the GMR behavior in the spin-valves with 
perpendicular anisotropy, was established by considering the experimentally and 
theoretically clarified results on the relationship between the perpendicular interlayer 
coupling field and the GMR characteristics.  
The pseudo spin-valve with structure - Pd 3/[Pd 1.2/Co 0.6]2/Cu x/[Co 0.3/Pd 
0.6]4/Pd 3nm were deposited on Si (100) substrate using a dc-magnetron sputter at 
ambient temperature, with the base pressure maintained below 4  10-8 Torr. The Cu 
spacer thickness(x) was varied from 1 to 16 nm at a fixed Ar working gas pressure of 2 
mTorr and the input sputtering power of 50 W. In order to investigate the effects of the 
input sputtering power the Cu input sputtering power was varied from 30 to 80W at the 





4.2.1. Degradation of soft layer anisotropy 
The effective perpendicular anisotropy of the [Co/Pd] is thought to originate from 
the Co crystalline anisotropy as well as the stress induced anisotropy at the interface 
between meta-stable hcp -Co (100) and Pd (111). The stress induced anisotropy in the 
Co/Pd multilayers is thought to be due to the large lattice mismatch between hcp Co (a0 = 
2.507Å) and fcc Pd (a0 = 2.75Å). This gives rise to expansion of Pd along the c-axis and 
Co along the plane of the film, resulting in tensile stress in the Co layer. This induced 
tensile stress in the Co layer makes the spins of the Co align towards a more 
perpendicular direction due to the negative magnetostriction of Co (λCo =  ̶ 10×10-6). 
As can be seen in Figure 4.2.1, the hard layer, which has a structure of [Co 
(0.3)/Pd (0.6 nm)]4, showed strong perpendicular anisotropy, while the soft layer, which 
has a structure of [Pd (1.2)/Co (0.6 nm)]2, exhibited a degraded perpendicular anisotropy. 
It is thought that the degradation of the perpendicular anisotropy in the soft [Co/Pd] 
multi-layer is due to the formation of in-plane crystalline anisotropy induced at the 
interface between the Co and Cu layers which is caused by the strain relaxation in the Co 
layer during the subsequent growth of Cu spacer on the Co. The strain relaxation is 
assumed to be due to the lattice mismatch between Co and fcc Cu (111) (a0 = 2.56Å) 
being much smaller than that between Co and Pd. Although the in-plane anisotropy 
energy itself is assumed to be quite small, it can be comparable to the weak perpendicular 
anisotropy energy formed in the [Pd (1.2)/Co (0.6 nm)]2 multi-layer due to the low 
interfacial stress induced anisotropy resulting from the small number of [Co/Pd] bi-layers 
(interfaces), rough interfaces and poor crystalline texture provided by the Pd seed layer. 





[Co/Pd] bi-layers had a strong perpendicular anisotropy due to the enhancement of the 
stress induced surface (interfacial) perpendicular anisotropy, which is due to the increase 
in the number of the Co/Pd interfaces, and resulted from the lattice mismatch between the 
Pd (111) and meta-stable -phase hcp Co (100). The coercivity of the soft layer was 
shown to decrease from 130 Oe to 40 Oe, while that of the hard layer was shown to 
monotonically increase from 350 Oe to 750 Oe as the Cu spacer was increased from 1.6 
to 16 nm. For the PSVs with Cu spacer thickness below 1.3 nm, the hysteresis loop 
showed no separation between the soft and hard layers and both layers were switched 
together. This is because, for a thin Cu spacer, there are a lot of pinholes or defects 
resulting in the induction of strong ferromagnetic coupling between the soft and hard 
layers [1]. 
 
Figure 4.2.1 : (left) Hysteresis loops (M-H loops) of PSVs with different Cu spacer thickness 
showing the variation of perpendicular anisotropy in the soft [Co/Pd] layer magnetization 
as demonstrated by the slope of M-H loop, and (right) angular measurement of M-H loop 
for the soft [Co/Pd] layer PSV with Cu 3.1nm.  
 
The perpendicular anisotropy of the soft [Co/Pd] layer is shown (in Figure 4.2.1 





M-H loop for the soft [Co/Pd] layer, a deviation angle in the soft layer magnetization 
from the perpendicular direction was assumed. Angular VSM measurements were 
performed to determine the deviation angle of the soft [Co/Pd] multi-layer in the PSV by 
rotating the sample from 90 to 0  against the externally applied field direction. The 
angle at which the sharpest switching of magnetization occurs was considered as the 
canted angle of the soft [Co/Pd] layer magnetization in the PSV. Figure 4.2.1 (right) 
shows the angular measurement of the PSV with 3.1 nm of Cu spacer thickness. The M-
H loop of the soft [Co/Pd] multi-layer had the sharpest slope at the angle between 70 - 
60 from the perpendicular direction (or 20 and 30 from the in-plane direction). A full 
180 degree measurement proved that the deviation angle is perfectly symmetric in all 
directions. This deviation angle of the soft layer magnetization becomes more important 
in the subsequent understanding of the physical characteristics of the interlayer coupling 






4.2.2. Low temperature MR measurement 
 
Figure 4.2.2: (left) MR curves measured at room temperature (300 K) and 5 K, and (right) 
XRD patterns measured at room temperature after being subjected to a sudden drop in 
temperature to 5 K of the PSV with Cu 3.1nm. 
 
The GMR measurement at 5 K (Figure 4.2.2) clearly showed that there is 
significant increase in both the MR ratio (~ 6.5 %) and the coercivity of both soft and 
hard layers. The significant increase in GMR ratio and coercivity can be explained by 
considering two possible physical reasons. One possible reason is the reduction of 
thermal fluctuations and magnon effects at very low temperatures. The other physical 
reason could be that the reduction of temperature from 300 K to 5 K during the 
measurement causes a significant increase of stress enabling the change of 
crystallography in the [Co/Pd] multi-layer during cooling. The effective perpendicular 
anisotropy of the [Co/Pd] originates from the Co crystalline anisotropy as well as from 
the stress induced anisotropy at the interface between meta-stable hcp -Co (100) and Pd 
(111); although the latter provides a more significant contribution. Figure 4.2.2 shows the 





300 K and after the 5 K cooling. It was observed that the PSV whose GMR behavior was 
measured at 300 K showed only meta-stable hcp -Co (100) peak at 2θ = 41.7 and no 
strong fcc Pd (111) peak at 2θ = 40.4 (the Pd (111) peak was slightly shifted toward - 
Co (100) peak possibly due to very small strain). This implies that the perpendicular 
anisotropy in the [Co/Pd] PSV is not strong, because the crystalline anisotropy 
originating from the meta-stable hcp -Co (100), along with weak stress induced 
anisotropy caused by weakly formed Pd (111) texture, dominantly contribute towards 
forming the relatively low perpendicular anisotropy. However, as shown in Fig.4.2.2, the 
fcc Pd (111) texture was redeveloped and its (111) peak clearly appeared at 2θ = 40.4 
for the PSV whose GMR behavior was measured at 5 K. The redevelopment of fcc Pd 
(111) texture is thought to be due to the stress induced in the [Co/Pd] multi-layers due to 
the reduction in temperature. This gives a rise to a larger perpendicular anisotropy due to 
the increase of stress induced anisotropy from the interface between meta-stable hcp -
Co (100) and strong fcc Pd (111) texture [2]. Both of these physical effects combined 
cause the increase of GMR ratio and coercivities of [Co/Pd] PSV with perpendicular 
anisotropy at 5 K. 
 
4.2.3. Effect of Cu spacer thickness on interlayer coupling field and GMR 
The interlayer coupling field in this study is measured as the shift in the minor 
loop. Figure 4.2.3 shows the dependence of the perpendicular interlayer coupling field 
and GMR behavior on Cu spacer thickness in the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co 





in this study for more accurate analysis of the perpendicular interlayer coupling field and 
GMR behavior considering the correlation between the Cu spacer thickness and 
interlayer coupling characteristics. Below 1.3 nm, as previously mentioned, the two 
layers are strongly ferromagnetic coupled together through pinholes (or defects) and 
experience simultaneous switching, and correspondingly an extremely low MR signal is 
detected. Above 1.6 nm, the soft and hard [Co/Pd] layers are ferromagnetic coupled and 
oscillate with Cu spacer thickness with a period of approximately 4.1 nm; and the 
magnetoresistive behavior is strongly dependent on the interlayer coupling field through 
the Cu spacer. Note that, the region between 1.6 and 4.9 nm of Cu thickness is defined as 
a region of moderate roughness with Rrms: 0.17 to 0.25 nm and both the perpendicularly 
magnetized FM layers are weakly ferromagnetic coupled. As shown in Figure. 4.2.3, the 
interlayer coupling field was decreased from 80 Oe to 0.5 Oe by increasing the Cu spacer 
thickness from 1.6 to 4.9 nm, and subsequently oscillates reaching a maximum of 11.5 
Oe when the Cu thickness is further increased up to 6 nm. The decrease of interlayer 
coupling field in the region of moderate interfacial roughness is related to the degradation 
of the perpendicular anisotropy in the soft layer.  
As illustrated in Figure. 4.2.4, the deviation angle of the soft layer magnetization 
determines whether the perpendicular interlayer coupling field was weak, normal or 
strong ferromagnetic coupling. Figure 4.2.4 plots the deviation angle of the soft [Co/Pd] 
multi-layer magnetization vs. the Cu spacer thickness. The angle φ is defined as the 
deviation angle of the soft [Co/Pd] layer magnetization measured from the perpendicular 
direction. As can be seen in Fig 4.2.4, φ increases from 3 for Cu 1.6nm, up to 71 for Cu 





deviation angles formed by soft [Co/Pd] multi-layer magnetization. The first, θC1 gives 
the critical angle of the soft layer magnetization tilt away from the perpendicular 
direction, below which the hard [Co/Pd] and soft [Co/Pd] multi-layers are strongly 
coupled and will switch together. The value of θC1 was determined by the VSM angular 
measurement using PSV with 1.3 nm and 1.6 nm Cu spacer thickness and it was in the 
range of 5 - 10. The second critical angle, θC2, about 60 from the perpendicular 
direction (the calculated value was approximately 25.5 from the in-plane direction) as 
determined above, gives the limit within which the perpendicularly magnetized soft 
[Co/Pd] multi-layers maintained their perpendicular anisotropy while sustaining weakly 
ferromagnetic interlayer coupling. The dotted lines in Fig. 4.2.4 indicate the two critical 







Figure 4.2.3: Dependence of interlayer coupling field and GMR ratio (top) and roughness 
(bottom) on the Cu spacer thickness in the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd 







Figure 4.2.4 : Variation of the soft [Co/Pd] layer magnetization deviation with Cu spacer 
thickness 
 
Figure 4.2.3 also plots the GMR ratio and roughness as a function of Cu spacer 
thickness and its physical correlation to the perpendicular interlayer coupling field. As 
can be seen in Fig. 4.2.3, both the GMR ratio and perpendicular interlayer coupling field 
monotonically decreased with increasing Cu spacer thickness ranging from 1.6 nm to 4.9 
nm (i.e. weakly ferromagnetic coupling region or moderate surface roughness region). 
However, the GMR ratio and perpendicular interlayer coupling field oscillated by further 
increasing Cu spacer thickness from 5 to 16 nm. Even though the GMR ratio in the Cu 
spacer thickness ranging from 5 to 16 nm showed a monotonically decreasing trend, there 
is a periodic oscillation corresponding to that of the perpendicular interlayer coupling 
field. The decreasing trend indicated an increase of shunting current due to the increase 
of Cu spacer and the increase of spin indiffusive scattering at the interface between Co 
and Cu induced by higher surface roughness (or topology). However, the slight 
oscillations corresponded to the perpendicular interlayer coupling field, which is relevant 





considering the physical relationship between the perpendicular interlayer coupling field 
induced between the soft and hard layers in the [Co/Pd] PSVs as shown in Fig. 4.2.3 and 
the perpendicular magneto-static field caused by the perpendicular anisotropy of soft and 
hard [Co/Pd] multi-layers as shown in Figs 4.2.4 and 4.2.5, a physical model enabling the 
explanation of the GMR behaviour of Pd/[Pd/Co]2/Cu/[Co/Pd]4/Pd PSVs with 
perpendicular anisotropy can be established. The model proposes that the GMR ratio is 
proportional to the sine of the angle formed between the soft and hard layer 
magnetizations along the perpendicular direction during magnetic reversal of the soft 
layer by the applied magnetic field. Unlike the spin-valve with in-plane anisotropy, a 
perpendicular magneto-static field induced in the between soft and hard [Co/Pd] multi-
layers through the Cu spacer caused by the perpendicular anisotropy is directly relevant 
to controlling the perpendicular interlayer coupling field. This would dominantly 
determine the GMR behaviour of the spin-valves with perpendicular anisotropy. 
Therefore, it can be expected that the maximum MR ratio is ideally achieved when the 
soft and hard layer magnetizations are perfectly aligned to the perpendicular direction. 
However, this model is only applicable once the soft [Co/Pd] multilayer magnetization is 
slightly tilted against the perpendicular direction. If both layers are perfectly 
perpendicular and strongly coupled together, they would then switch together upon the 
application of an external magnetic field. As mentioned, this is demonstrated in the PSV 
with Cu thickness ≤ 1.3 nm where the MR ratio was only 0.3 % as compared to the 







Figure 4.2.5: A schematic of Pd/[Pd/Co]2/Cu/[Co/Pd]4 /Pd PSV structure illustrating the 




4.2.4. Contribution of topological and oscillatory RKKY coupling to the 
perpendicular interlayer coupling 
In order to further analyze the physical characteristics of perpendicular interlayer 
coupling field in the [Co/Pd] PSVs with perpendicular anisotropy, the interlayer coupling 
field was numerically calculated by employing both topological coupling and oscillatory 
RKKY coupling energies as given by Eq. (4.2.1) and the calculated values were 














In equation (4.2.1), the topological coupling energy at a given Cu thickness, tCu, is given 
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where h is the roughness amplitude, and λ is the wavelength of the surface variations of 
the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd (0.6)]4/Pd (3 nm) PSVs [3]. The 
topological coupling was calculated, assuming the soft and hard [Co/Pd] multi-layers 
uniformly saturated at M1= M2= 1422 emu/cm3, and the h and λ values determined from 
AFM and XTEM analysis. The oscillatory RKKY interlayer coupling energy was 
calculated by considering Eq. (4.2.3), which is generally used for interpreting the 
oscillatory RKKY interlayer coupling in the GMR spin-valves with in-plane anisotropy 
[4],[5]. 
 
2 1 2( )M MRKKY CuE C t    where  ߯ଶሺݐ஼௨ሻ ൎ ௠԰మሺଶగమሻ
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௧಴ೠమ         (4.2.3) 
 
For the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd (0.6)]4/Pd (3 nm) PSVs with 
perpendicular anisotropy, the perpendicular magneto-static field formed between hard 
and soft [Co/Pd] multi-layers and the spin wave generated from the [Co/Pd] soft layer 
physically associated with the RKKY oscillation, are directly relevant to the 
magnetization angle of the soft layer deviated from the perpendicular direction (in our 
experiments, all the hard [Co/Pd] multi-layer magnetizations are almost in the 





modified by adding a cosφ function term, which accounts for the physical relationship 
between the interlayer oscillatory coupling energy due to the change of perpendicular 











k tmE C M M
t
                 (4.2.4) 
 
The angle  is defined as the angle between the soft and hard [Co/Pd] multi-layer 
magnetizations due to the variation of the magnetization angle of the soft layer caused by 
the change of Cu spacer thickness. The angle   was experimentally obtained by VSM 
angular measurement from the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd (0.6)]4/Pd 
(3 nm) PSVs and is accurate to ±2.5°. The cosine function indicates that the oscillatory 
RKKY interlayer coupling energy in the [Co/Pd] PSV with perpendicular anisotropy is 
directly relevant to the magneto-static energy (or indirect exchange coupling energy) 
caused by the magnetization angle difference between soft and hard [Co/Pd] multi-layers 
with perpendicular anisotropy. In Eq. (4.2.4), ħ is the Planks constant, m is the electron 
mass, and kF is wave vector at the Fermi surface and energy state k. The Fermi 
wavelength / Fk  is related to the period length, Λ of coupling oscillations by Eq. 
(4.2.5) [6]  
1
1/ /n d                                      (4.2.5) 
In Eq. (4.2.5), the Λ of the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd (0.6)]4/Pd (3 





(111) texture as determined from XRD measurements was assumed as d = 2.08Å [4]. 
Figure 4.2.6 shows the physical contributions of the calculated topological and RKKY 
oscillatory coupling energies to the perpendicular interlayer coupling field measured from 
the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd (0.6)]4/Pd (3 nm) PSVs with 
perpendicular anisotropy. It was clearly observed that the topological coupling energy 
decreased over the Cu thickness range from 1.3 nm to 1.9 nm, due to pin-hole or defect 
induced coupling and then maintained a relatively constant value over the whole range of 
Cu spacer thickness ranging from 2 to 16 nm. This calculated result indicates that the 
topological coupling induced by the surface roughness cannot be the dominant factor in 
determining the subsequent variations of the perpendicular interlayer coupling field in the 
[Co/Pd] PSV. In contrast, as can be seen in Fig. 4.2.6, the calculated RKKY oscillatory 
coupling energy was found to have a reasonable fit to the experimental oscillations in the 
perpendicular interlayer coupling field. However, the calculation of the oscillatory 
RKKY coupling energy without any consideration of the angular difference between the 
magnetizations of the two [Co/Pd] layers could not be fit to the experimentally observed 
interlayer coupling field behaviour. This strongly implies that the deviation of the soft 
layer magnetization against the perpendicular direction, which is relevant to the 
perpendicular anisotropy (or perpendicular magneto-static field formed in between the 
soft and hard [Co/Pd] layers), plays the most important role in determining the physical 
characteristics of interlayer coupling field in the PSV with perpendicular anisotropy. 
Figure 4.2.6 also shows that the Pd/[Pd/Co]2/Cu/[Co/Pd]4 PSV structure exhibits only 





which is consistent with those previously observed in [Co/Pt] based exchange biased 
spin-valves with Cr and Cu spacers [7],[8]. 
 
 
Figure 4.2.6: Dependence of experimentally observed perpendicular interlayer coupling 
field on the Cu spacer thickness and its physical comparison to the calculated topological 
coupling and oscillatory RKKY coupling fields. 
 
4.2.5. Effect of Cu input sputtering power 
The physical characteristics of the perpendicular interlayer coupling field and its 
correlation to the GMR behaviour were further studied by changing the sputtering power 
during the Cu spacer growth in Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (2.5)/[Co (0.3)/Pd (0.6)]4/ 
Pd (3 nm) PSV structures. The comparison of the interlayer coupling field with the MR 
ratio and surface roughness for the samples are shown in Fig. 4.2.7. It can be seen that the 
relationship between the interlayer coupling field and the MR ratio with different Cu 
spacer sputtering powers follows a similar trend as that demonstrated with a change in Cu 





field and the slightly lower MR ratio at 30 W compared to other power conditions was 
attributed to the relatively larger surface roughness (from 0.16 to 0.22nm, or 35.8 % 
increase as shown in Fig. 4.2.8(b)) and the slight reduction of ferromagnetic exchange 
energy of the soft [Co/Pd] layer caused by low power sputtering relevant to low substrate 
temperature and relatively poor film continuity. The slight reduction of soft [Co/Pd] layer 
remnant magnetization and mean grain size for the PSV with 2.5 nm Cu spacer deposited 
at 30 W shown in Fig. 4.2.8 (a) and (b) provides physical evidence of the relatively large 
change in interlayer coupling field and slight change of MR ratio. Otherwise, even 
though the surface roughness of the PSVs, was decreased by increasing Cu sputtering 
power, the perpendicular interlayer coupling field and the MR ratio of the PSVs were 
constant as shown in Fig.4.2.7. This result indicates that the contribution of topological 
coupling induced by surface roughness at similar microstructure to the perpendicular 
interlayer coupling field is very small. Furthermore, the result strongly indicates that the 
GMR behaviour of the [Co/Pd] PVS with perpendicular anisotropy is directly relevant to 
the perpendicular interlayer coupling field, which is significantly affected by the 
perpendicular anisotropy (or magneto-static energy) of the soft and hard [Co/Pd] multi-
layers. Figure 4.2.8(a) shows the M-H loops of the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu 
(2.5)/[Co (0.3)/Pd (0.6)]4/Pd (3 nm) PSV structures where the Cu spacer is deposited with 
different input sputtering powers. As can be seen in Fig. 4.2.8(a), there is no change of 
magnetization angle in soft and hard [Co/Pd] multi-layers for the PSVs with 2.5 nm Cu 
spacer deposited at different input sputtering power. No change in the soft [Co/Pd] layer 





interlayer coupling field and MR ratio. This result has very good agreement with the 
results shown in Fig. 4.2.7.  
 
 
Figure 4.2.7: Effects of Cu spacer input sputtering power on the perpendicular interlayer 







Figure 4.2.8: Effects of Cu spacer input sputtering power on the tilting angle of soft layer 
magnetization illustrated by the magnetic hysteresis loops, and surface roughness and grain 
size analyzed by AFM. 
 
4.2.6. Effect of Cu deposition working pressure 
In addition to studying the effect of sputtering power, the effect of variation in the Ar 
working gas pressure on the magnetic properties of  Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu 
(2.5)/[Co (0.3)/Pd (0.6)]4/ Pd (3 nm) PSV structures were also studied. With the variation 
in the Ar working pressure, a very low interlayer coupling field and GMR ratio were 





Coincident with our model, the low interlayer coupling field is plausibly thought to be 
due to the weak perpendicular dipole field caused by the reduction of the inter-granular 
exchange coupling in the hard [Co/Pd] multi-layers. The degradation of the inter-granular 
exchange coupling in the [Co/Pd] hard layer is possibly due to the reduced grain size of 
this layer induced by the smaller grain size of the Cu spacer due to the shadowing effects 
at 10 mTorr Ar pressure as shown in Figure 4.2.10. Measurements of the grain size 
showed a reduction in the average grain size diameter from 9.4nm at 1mT to 7nm at 
10mT. Although the smaller grain size of the hard layer increases the coercivity 
(perpendicular anisotropy energy), the coupling between the hard layer and the soft layer 
can be reduced because of the corresponding reduction in exchange energy in the hard 
layer. The significant reduction of the GMR ratio at 10 mTorr is ascribed to the rougher 
surface roughness. From XRD measurements of the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu 
(2.5)/[Co (0.3)/Pd (0.6)]4/ Pd (3 nm) PSV structures with Cu spacer deposited at the 
different Ar gas pressures, it was observed that there was no change in the crystalline 
texture of Co and Pd. The same trend of having no change was also observed for the 
condition of Cu power variation. The consistency of the Co and Pd crystalline texture and 
the absence of any peak shift indicate that there is no strain or stress induced change in 
anisotropy. Furthermore, it implies that the change of perpendicular dipole field and the 
bias field in the case of varying the Ar pressure and the input sputtering power of Cu 








Figure 4.2.9: Effects of Cu spacer Ar working gas pressure on the interlayer coupling field, 
GMR and roughness of the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (2.5)/[Co (0.3)/Pd (0.6)]4/Pd (3 nm) PSV 
 
 
Figure 4.2.10: Surface roughness and grain size of samples where the Cu spacer was 







In this study, the Cu spacer in the Pd (3)/[Pd (1.2)/Co (0.6)]2/Cu (x)/[Co (0.3)/Pd 
(0.6)]4/Pd (3 nm) PSV was engineered by varying its thickness and input sputter power, 
to find the effect of the perpendicular interlayer coupling field on the GMR behavior of 
the PSVs with perpendicular anisotropy. The variation of Cu spacer thickness allowed the 
observation of perpendicular anisotropy degradation in the soft layer due to strain 
relaxation in the Co layer caused by the subsequently deposited Cu layer and its effect on 
the interlayer coupling field and MR ratio. Analysis of the perpendicular interlayer 
coupling field in terms of topological and oscillatory RKKY coupling energy revealed 
that the oscillatory RKKY coupling was dominant in the PSV with perpendicular 
anisotropy and also was strongly controlled by the deviation of soft layer magnetization 
from the perpendicular direction. By considering the physical relationship between the 
perpendicular interlayer coupling field induced in between the soft and hard [Co/Pd] 
layers through the Cu spacer and the perpendicular anisotropy of the soft and hard [Co/Pd] 
layers, we can propose a model that the GMR ratio in the PSV with perpendicular 
anisotropy is proportional to the sine of the angle formed between the soft and hard layer 
magnetizations along the perpendicular direction during the magnetic reversal of the soft 
layer by the applied magnetic field. However, this model’s validity is based on the 
precondition that the soft [Co/Pd] layer magnetization is tilted by a critical angle in the 





4.3.    Effects of perpendicular anisotropy on the interlayer coupling 
in perpendicularly magnetized [Pd/Co]/Cu/[Co/Pd] spin-valves  
4.3.1. Control of perpendicular anisotropy 
In this section we study the physical contribution of perpendicular anisotropy to 
the interlayer coupling field in perpendicularly magnetized [Pd/Co]/Cu/[Co/Pd] GMR 
spin-valves. In order to control the perpendicular anisotropy of the soft and hard [Co/Pd] 
multi-layers in the spin-valves, two different seed layers, Pd and Ta, were used to change 
the crystalline texture and the surface roughness including interfacial flatness. In addition, 
an ultra-thin Pd layer with different thickness was inserted in between the soft [Co/Pd]2 
multi-layers and Cu spacer to clearly confirm the physical effects of the perpendicular 
magneto-static dipole field induced by the perpendicular anisotropy on the interlayer 
coupling behaviour. 
 
Figure 4.3.1: M-H loops of perpendicularly magnetized Si/Pd, or Ta(3)/[Pd(1.2)/Co(0.6)]2 
/Cu(3.1)/[Co(0.3)/Pd(0.6)]4/Pd, or Ta(3 nm), and Pd(3)/[Pd(1.2)/Co(0.6)]2/[Pd(0.2)/Cu(2.9)]/ 





One approach was to change the topology and crystalline texture of the soft 
[Co/Pd]2 multi-layer by using a Ta seed layer. Ta was chosen as a seed layer instead of 
other materials like Cu which provide fcc texture. This was because a 3nm thick Ta 
formed an amorphous and highly smooth surface to promote good crystalline growth of 
the subsequently deposited [Co/Pd] films due to its high surface energy. 
 Another approach was to re-induce the strain in the Co layer using an ultra-thin 
Pd insertion layer between the soft [Co/Pd] layer and Cu spacer. As seen in Fig. 4.3.1, the 
spin-valve with Ta seed layer exhibited a very strong perpendicular anisotropy both in the 
soft and hard [Co/Pd] multi-layers. An ultra-thin Pd insertion also demonstrated an 
effective increase in the perpendicular anisotropy of both soft and hard [Co/Pd] multi-













Figure 4.3.2: a) XRD patterns and XTEM images of [Pd/Co]/Cu/[Co/Pd] spin-valves with (b) 
Pd, and (c) Ta seed layers. 
 
 
The physical reason for the significant increase of perpendicular anisotropy in the 
[Pd/Co]/Cu/[Co/Pd] spin-valves with a Ta seed layer was analyzed in terms of crystalline 
texture and interfacial roughness, which are directly relevant to the crystalline anisotropy, 
and the stress induced surface anisotropy, respectively. Figure 4.3.2 shows the XRD and 





4.3.2(a), the spin-valve with Pd seed showed a weak Pd (111) peak mixed with meta-
stable hcp α-Co (100) peak at 2θ = 41.7. The spin-valve with Ta seed layer however, 
showed a strong fcc Pd (111) peak around 2θ = 40.4 mixed with meta-stable hcp α-Co 
(100) peak slightly shifted to the fcc Pd (111) possibly due to strain. The SAED pattern 
shown in Fig. 4.3.2(c) also confirmed that a strong fcc Pd (111) texture with meta-stable 
hcp α-Co (100) were grown in the spin-valves with Ta seed layer, but only a very weak 
fcc Pd (111) ring pattern and no clear α-Co (100) texture was observed in the spin-valves 
with Pd seed layer (see Fig. 4.3.2(b)). These results explain that the large perpendicular 
anisotropy exhibited in the spin-valves with Ta seed layer is primarily due to the increase 
of stress induced anisotropy from the interface between the meta-stable hcp α-Co (100) 
and fcc Pd (111), and the partial contribution of Co crystalline anisotropy. The strong fcc 
Pd (111) texture is supposed to have originated from the initial smooth surface provided 
by the Ta seed layer as compared with the rough surface of the Pd seed layer, as clearly 
confirmed by the XTEM images shown in Fig. 4.3.2(b) and (c). 
 
4.3.2. Effects of perpendicular anisotropy on the interlayer coupling and 
its physical contribution to the GMR characteristics 
After controlling the perpendicular anisotropy in [Pd/Co]/Cu/[Co/Pd] spin-valves, 
the effects of perpendicular anisotropy on the interlayer coupling and its physical 
contribution to the GMR characteristics were explored by changing Cu spacer thickness 
from 1 to 16 nm in the Si/Pd or Ta(3)/[Pd(1.2)/Co(0.6)]2/Cu(x)/ [Co(0.3)/Pd(0.6)]4/Pd or 
Ta(3 nm) spin-valves. Figure 4.3.3 shows the dependence of interlayer coupling field, 





thickness. As seen in Fig. 4.3.3(a) and (b), the spin-valves with Ta seed layer had a larger 
interlayer coupling field in the region with Cu thickness less than 6 nm compared to those 
with Pd seed layer. Additionally, in the region with Cu spacer thickness above 6 nm, it 
was observed that the fluctuation of interlayer coupling field with increasing Cu thickness 
in the spin-valves with a Pd seed layer was more severe compared to that of a Ta seed 
layer. The significant change in interlayer coupling field with changing Cu spacer 
thickness, and the smaller interlayer coupling field at the Cu thickness below 6 nm in the 
spin-valves with Pd seed layer, are primarily thought to be due to the easy variation of 
perpendicular anisotropy in the soft [Co/Pd] multi-layers resulting from the low 
perpendicular anisotropy and accordingly changed perpendicular magneto-static dipole 
field induced between the soft and hard [Co/Pd] multi-layers through Cu spacer. VSM 
angular measurement of the spin-valves with Pd seed layer clearly demonstrated that the 
angle of the soft [Co/Pd] multi-layer magnetizations easily deviated from the 
perpendicular direction in the range of 12° ~ 50° (as in § 4.1) This variation in the angle 
of soft [Co/Pd] multi-layer magnetizations depended on and was more sensitive to the Cu 
thickness. In contrast, the spin-valves with Ta seed layer maintained a deviation angle of 
5° to 18° over the whole range of Cu spacer thickness (as confirmed by the angular VSM 
measurements) due to its strong perpendicular anisotropy originating from the stress 
induced surface and crystalline anisotropies as demonstrated by Fig. 4.3.1 and 4.3.2. 
In order to theoretically confirm the effects of perpendicular anisotropy on the  
perpendicular interlayer coupling field, topological coupling energy, and RKKY 
oscillation coupling energy were calculated with the values of the parameters obtained 





nm for Pd seed and 2.5 nm for Ta seed. Figure 4.3.3 clearly shows that the contribution 
of the topological coupling is negligibly small, while that of the RKKY coupling is 
dominant and strongly dependant on the angle φ between the soft and hard [Co/Pd] 
magnetizations in the spin-valves with both Ta and Pd seed layers.  
Figure 4.3.3 also shows the dependence of GMR ratio on the Cu spacer thickness. 
The spin-valves with Ta seed exhibited a smaller GMR, which is possibly due to very 
strong perpendicular anisotropy leading to the deviation in magnetization of the soft and 
hard [Co/Pd] layers being smaller than the critical angle, 5 ~ 10°. For both seed layers, 
the GMR showed a decreasing trend with increasing Cu spacer thickness possibly due to 
the increase of shunting current through a thicker Cu spacer. However, the oscillatory 
trend of GMR ratio corresponded well with that of the perpendicular interlayer coupling 
field. The results shown in Fig. 4.3.3 clearly demonstrate that the perpendicular 
anisotropy is directly relevant to the determination of perpendicular interlayer coupling 
field and its physical contribution to the GMR characteristics in the spin-valve with 







Figure 4.3.3: Dependence of perpendicular interlayer coupling field, topological coupling, 
RKKY coupling and GMR ratio on the Cu spacer thickness in the [Pd/Co]/Cu/[Co/Pd]spin-
valves with (a) Pd, and (b) Ta seed layers. 
 
Effects of perpendicular anisotropy on the perpendicular interlayer coupling 
characteristics were also confirmed by using an ultra-thin Pd insertion to control the 
perpendicular anisotropy of the soft layer in spin-valves with Pd seed layer. Figure 4.3.4 
shows the dependence of Pd insertion layer thickness on the interlayer coupling field, 
GMR ratio, and angle variation of soft [Co/Pd] magnetizations. As clearly seen in Fig. 
4.3.4, the sharply increased perpendicular anisotropy of soft [Co/Pd] layer confirmed by 
VSM angular measurement (dramatic reduction of deviation angle from 60 to under 10 
by increasing Pd insertion layer thickness) increased the perpendicular interlayer 







results shown in Fig. 4.3.3 that the perpendicular anisotropy plays a crucial role in 




Figure 4.3.4:  Dependence of (a) perpendicular interlayer coupling field and GMR ratio, 
and (b) deviation angle of the soft layer magnetization from the perpendicular direction and 
roughness on the Pd insertion layer thickness varied from 0 to 5 Å in the 
Si/Pd(3)/[Pd(1.2)/Co(0.6)]2/[Pd(x)/Cu(3.1-x)]/[Co(0.3)/Pd(0.6)]4/Pd(3 nm) spin-valves. 
 
4.3.3. Summary 
In this study it was demonstrated that the physical behaviour of interlayer coupling and 
its contribution to the GMR characteristics in the perpendicularly magnetized 
[Pd/Co]/Cu/[Co/Pd] spin-valves was strongly affected by the perpendicular magneto-





multi-layers. In addition, it was theoretically and experimentally verified that the 
interlayer coupling in the spin-valves with perpendicular anisotropy dominantly followed 





4.4. Interlayer coupling behavior in [Co/Pd] based exchange biased 
spin-valves with perpendicular anisotropy 
 
In §s 4.2 and 4.3, the interlayer coupling behavior in Co/Pd based pseudo spin-
valves (PSVs) were studied and proposed to be mainly consistent with RKKY coupling 
rather than topological coupling. In order to compare this with the interlayer coupling and 
GMR behavior in Co/Pd based exchanged bias spin-valves (EBPA-SV) with 
perpendicular anisotropy, the films with the structure 
Ta(2)/[Pd(0.6)/Co(0.4)]2/Cu(x)/Co(0.7)/[Pd(0.6)/Co(0.4)]2/FeMn(10.8)/Ta(2 nm) were 
fabricated, where the Cu spacer thickness was varied from 1.8 to 16nm. 
4.4.1. Mechanism of exchange bias in [Co/Pd]N/FeMn 
Firstly the PEB characteristics of the [Co/Pd]5/FeMn thin films are studied with respect to 
their crystallography and magnetic properties. The thickness of the FeMn layer was 
chosen to be between 10 – 13nm based on previous works which showed the maximum 
perpendicular exchange bias in this thickness range [9].  Figure 4.4.1 shows the Hall 
effect measurements of the [Co/Pd]5/FeMn thin film. As can be seen in Fig 4.4.1, the 
continuous films exhibit high perpendicular anisotropy and a large exchange bias field, 
HEX of 432Oe.  Considering that one of the critical conditions for generating exchange 
bias is to have antiferromagnetic anisotropy energy (KAFM×tAFM) ≥ interfacial exchange 
coupling (JINT), it may be assumed that there exists a large KAFM due to the development 
of strong γ-phase FeMn (111) crystalline texture. Crystallography studies using XRD as 





by the peak at 2θ=43.2. This is further supported by XTEM measurements together with 
selected area diffraction (SAED) pattern, as shown in Figure 4.4.3.  
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where KF and tF are the anisotropy and thickness of the FM layer, KAF and tAF are the 
anisotropy and thickness of the AFM layer. F, AF, and  are the angles formed by the 
FM layer magnetization, AFM layer magnetization and the applied field with respect to 
the perpendicular direction. JF is the exchange constant, JINT is the interfacial exchange 
coupling constant between the FM and AFM layers, H is the applied field, MS is the 
magnetization of the FM layer, LS is the sample size and D is the average domain size. 
Minimizing the energy with respect to θF, results in the perpendicular exchange coupling 
field as in Eq. (4.4.2): 
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Thus unlike in-plane exchange biased systems, the FM anisotropy energy, KFM×tFM also 





present in the [Co/Pd]5 FM layer due to the strong [Co/Pd] interfacial anisotropy, as 
evidenced by the strong fcc Pd (111) + α-hcp Co (100) mixed phase peak at 2θ =40.8° on 















Figure 4.4.3:  XTEM and SAED patterns of Ta(2)/[Pd (1.2)/Co(0.3)]5/FeMn(12)/Ta(2 nm)  
EBPA-SV.  
 




Figure 4.4.4:  M-H loops of Ta(2)/[Pd(0.6)/Co(0.4)]2/Cu(2.2)/Co(0.7)/[Pd(0.6)/Co(0.4)]2/ 







Figure 4.4.4 shows the M-H loop of the EBPA-SV with 2.2nm Cu thickness. The EBPA-
SV displayed a pinned layer exchange bias field of 425Oe and a GMR ratio of 5.1%. The 
coercivity of both the soft and hard layers are ~260Oe since the ferromagnetic [Co/Pd] 
layer thickness and structure of both layers are identical. 
 
Figure 4.4.5:  Dependence of perpendicular interlayer coupling field, topological coupling, 
RKKY coupling  calculated with and without the change in the free layer magnetization 
angle change on the Cu spacer thickness in the [Pd/Co]/Cu/[Co/Pd]/FeMn EBPA-SV 
 
 
Figure 4.4.5 shows the dependence of the perpendicular interlayer coupling field 
on the Cu spacer thickness for the EBPA-SVs. The topological and RKKY coupling 
calculated based on Eq. 4.2.2 and 4.2.4 respectively are also shown. In contrast to the 
PSVs studied in § 4.2 and 4.3, the free layer magnetization angle does not change much 
with the increase in Cu thickness, and remains almost perpendicular. Hence the 





difference. This is probably due to the strong pinning field which affects both the pinned 
and free layer magnetizations, hence not allowing for a large canting of the free layer 
magnetization. In addition the Ta seed layer also ensures that the perpendicular 
anisotropy in both FM layers was strong.  
 Comparing the calculated and measured interlayer coupling fields, it can be seen 
that there was not much oscillations in the measured interlayer coupling field. This is 
similar to the case of the Ta seed layer in § 4.3 above where the angle of free layer 
magnetization does not change significantly. However unlike the PSV there is a large 
variation in the surface roughness and grain size which translates to a large variation in 
the topological coupling. It should also be noted that in contrast to the PSVs the EBPA-
SVs show both ferromagnetic and anti-ferromagnetic coupling. By comparing the 
calculated results to the measured interlayer coupling fields, neither the RKKY or 
topological coupling appear to be dominant over the whole Cu spacer thickness range, 







4.5. Reduction of free layer coercivity by the insertion of NiFe and Co 
at the [Pd/Co] and Cu spacer interface 
One of the major drawbacks with these spin-valves is the large coercivity of the 
free layer due to their large perpendicular anisotropy. In applications such as toggle or 
spin transfer switched MRAMs, the large coercivity (or switching field) necessitates a 
larger critical current density to be able to switch the magnetic elements. One approach 
to reduce the coercivity is to reduce the perpendicular anisotropy of the soft (free) layer.  
This can be achieved by introducing an in-plane anisotropy component by the insertion 
of thin layer of ferromagnetic material such as NiFe or CoFe.  
 
4.5.1. Effect of NiFe insertion on perpendicular anisotropy and soft layer 
coercivity 
In order to investigate the effect of NiFe insertion on the anisotropy (HK), soft layer 
coercivity (HC), GMR and interlayer coupling field (HINT), the Si/Pd (3)/[Pd (1.2)/Co 
(0.6)]2/ NiFe (tNiFe)/Cu (tCu)/[Co (0.3)/Pd (0.6)]4/Pd (3 nm) PSVs were fabricated with a 
Cu spacer thickness, tCu, of 1.6 and 1.9 nm, and the NiFe thickness, tNiFe, was varied from 
0 to 1 nm. As discussed in § 4.2, [Co/Pd]/Cu/[Co/Pd] based PSVs have shown a strong 
dependence of GMR ratio on the perpendicular anisotropy with variation of the Cu spacer 
thickness. As shown in Fig. 4.5.1, the MR loop for PSVs with Cu thickness of 1.6 and 1.9 
nm show a GMR ratio of around 4%. By increasing the Cu thickness up to 2.2 and 2.5 
nm, the GMR ratio was reduced to 3.25%. For actual device applications, in order to 





The PSVs with Cu spacer thickness of 1.6 and 1.9 nm show a larger GMR ratio, and also 
exhibit relatively high perpendicular anisotropy and a large coercivity of the soft [Pd/Co]2 
layer, compared to the PSVs with a larger Cu thickness. Hence two Cu thicknesses of 1.6 
and 1.9 nm were selected for the subsequent studies in this work. The PSV with a Cu 
thickness of 1.6 nm exhibits relatively high perpendicular anisotropy and interlayer 
coupling due to the coupling through defects and pinholes in the thin Cu spacer. For a Cu 
thickness of 1.9 nm, the interlayer coupling is reduced since the larger Cu thickness 
usually forms less pinholes and defects. These differences allow for the observation of 
the effects of the NiFe layer insertion on the perpendicular anisotropy and interlayer 
coupling.  
In order to reduce the perpendicular anisotropy and coercivity of the soft [Pd/Co]2 
layer, a layer of NiFe is inserted in between the Co and Cu layers. Figure 4.5.2-(a) and 
(b) show the effects of the NiFe insertion on the soft layer coercivity and perpendicular 
anisotropy of the [Pd (1.2)/Co (0.6)]2/Cu (tCu)/[Co (0.3)/Pd (0.6nm)]4 PSV. As can be 
seen in Fig 4.5.2- (b), the perpendicular anisotropy of the [Pd/Co]2 soft layer was slightly 
reduced for the NiFe insertion layer thickness in the range 0 ~ 0.4 nm, however it was 
dramatically degraded as the insertion thickness is further increased up to 0.8 nm. At a 
thickness 0.4 nm or less, the NiFe forms island- like grain-clusters and a non-continuous 
film structure over the soft Co/Pd layer. Hence as there is no stable crystalline (in- plane) 
anisotropy from the NiFe layer, the strong perpendicular anisotropy of the Co/Pd 
multilayers maintains the high perpendicular anisotropy of the soft [Pd/Co]2/NiFe layer. 
On the other hand, as the NiFe thickness was increased beyond 0.4 nm, the NiFe layer 





between the perpendicular anisotropy from the [Co/Pd]2 multilayer and the in-plane 
anisotropy of the NiFe layer. Thus, there is a reduction of the soft [Pd/Co]2 layer 
perpendicular anisotropy due to the presence of the NiFe in-plane anisotropy. In addition, 
similar to the § 4.2, the inclusion of NiFe at the Co/Cu interface possibly enhances the 
strain relaxation in the [Co/Pd] soft layer since the lattice mismatch between the hcp Co 
(a0 = 2.507Å) and fcc NiFe (a0 = 2.49Å)  is quite small. Correspondingly as can be seen 
in Fig 4.5.2-(a), since HC   HK, the soft layer coercivity was reduced from 250 Oe to 40 




Figure 4.5.1: The MR loops of the [Pd (1.2)/Co (0.6)]2/Cu (tCu)/[Co (0.3)/Pd (0.6nm)]4 PSV, 






Figure 4.5.2:. The dependence of the soft layer coercivity, HC (a), and perpendicular 
anisotropy field, HK (b) of the [Pd (1.2)/Co (0.6)]2/NiFe (tNiFe)/Cu (tCu)/[Co (0.3)/Pd (0.6nm)]4 
PSV, with Cu thicknesses of 1.6 and 1.9nm, on the NiFe insertion thickness tNiFe. 
 
4.5.2. Effect of NiFe insertion on the interlayer coupling and GMR 
 
 The insertion of a magnetic material such as NiFe would cause a change in the 
interlayer coupling between the soft and hard [Co/Pd] layers. Figure 4.5.3 shows typical 
GMR and M-H loops for the [Pd (1.2)/Co (0.6)]2/NiFe (0.5)/Cu (1.6)/[Co (0.3)/Pd 
(0.6nm)]4 PSV. As in the previous sections the interlayer coupling fields are measured 
based on the minor loop shift. As can be seen in Fig 4.5.4-(b), there are two different 
trends of the interlayer coupling fields depending on the Cu thickness. At a very low Cu 
thickness of 1.6 nm, the soft and hard [Co/Pd] layers are strongly ferromagnetically-
coupled, possibly through defects and pinholes in the thin spacer layer. This leads to very 
strong perpendicular anisotropy in the whole structure. Insertion of NiFe is able to disrupt 
and reduce this coupling leading to a reduction in the interlayer coupling field with 
increasing NiFe thickness.  On the other hand, for a Cu thickness of 1.9 nm, there is a 





the insertion of NiFe, as seen in Fig 4.5.4-(b), the interlayer coupling was increased by 
increasing the NiFe layer thickness. There is no influence from the perpendicular 
anisotropy but rather from the effects of NiFe layer on the interface between the soft 
ferromagnetic layer and the Cu spacer. 
 
Figure 4.5.3: The GMR (left) and major and minor loops (right) of the [Pd (1.2)/Co 
(0.6)]2/NiFe (0.5)/Cu (1.6)/[Co (0.3)/Pd (0.6nm)]4 PSV  
 
 
In order to ascertain the origin of this coupling field, the topological coupling was 
calculated based on Eq. (4.5.1) 
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     (4.5.1) 
In Eq. (4.5.1), the topological coupling energy at a given Cu thickness b is calculated by a 
modified Neel coupling in the case of perpendicular anisotropy. K  is the uniaxial 
anisotropy constant, σ are the interfacial charge densities, p=2π/T, h is the waviness 
amplitude and T is the wavelength of the surface variations in the Pd (3)/[Pd (1.2)/Co 





hard [Co/Pd] multilayers uniformly saturated at MS =1422 emu/cm3, and the h and T 
values determined from the AFM analysis. The roughness values measured from the 
AFM analysis showed an increase with NiFe thickness. Figure 4.5.4-(c) shows the 
comparison between the measured interlayer coupling field and the topological coupling 
calculated from Eq. (4.5.1). As can be seen in Fig 4.5.4-(c), the calculated topological 
coupling fields were in good agreement with the measured interlayer coupling field 
indicating that the topological coupling due to the increased surface roughness forms the 
dominant contribution to the interlayer coupling field in the PSVs with NiFe insertion. In 
the case of introducing NiFe at the interface between soft [Pd/Co]2 ferromagnetic layer 
and Cu spacer, there is Ni-Cu intermixing, which causes drastic changes of the NiFe and 
Cu interface roughness leading to a change in the interlayer coupling. This was found to 
be the dominant contributing factor to the interlayer coupling in [Pd (1.2)/Co (0.6)]2/NiFe 
(tNiFe)/Cu (tCu)/[Co (0.3)/Pd (0.6nm)]4 PSV structure with NiFe insertion. Figure 4.5.5-(a) 
and (b) show the AFM images for the samples with no NiFe insertion, and 1 nm of NiFe 
insertion, respectively. It can be clearly seen that the roughness increased by over 1.5 
times. This is possibly due to the Ni and Cu intermixing at the interface due to the high 
solid-solubility between Ni and Cu [13]. This in turn also affects the GMR properties of 
the PSVs. Figure 4.5.4-(a) shows the effect of the NiFe insertion on the GMR in the 
[Pd/Co]2/Cu/[Co/Pd]4 PSVs with Cu thicknesses of 1.6 and 1.9 nm. As can be seen in Fig 
4.5.4-(a), there is an overall reduction in the GMR with increasing NiFe thickness for 
both Cu spacer thicknesses. The Ni-Cu intermixing at the interface between the soft layer 
and the Cu spacer leads to an increase in the surface roughness and the creation of a 









Figure 4.5.4: The dependence of the GMR (a) and interlayer coupling field, HINT (b) of the 
[Pd (1.2)/Co (0.6)]2/NiFe (tNiFe)/Cu (tCu)/[Co (0.3)/Pd (0.6nm)]4 PSV with Cu thicknesses of 
1.6 and 1.9nm; and (c) the variation of the interlayer coupling field , HINT,  compared to the 











Figure 4.5.5: Ex-situ AFM images of (a) [Pd/Co]2/Cu 1.9nm/[Co/Pd]4, (b) [Pd/Co]2/NiFe 
1nm/Cu 1.9nm/[Co/Pd]4, and (c) [Pd/Co]2/NiFe 0.5nm/Co 0.2nm/Cu 1.9nm/[Co/Pd]4. 
 
In order to study the spin angle configuration of the soft [Co/Pd] layer with NiFe 
insertion, the GMR was measured with the angle of the applied magnetic field to the 
surface of the sample varied from 0 to 180. As can be seen in Fig 4.5.6, the angle of the 





thickness. This dependence of the maximum GMR ratio on the angle of the applied 
magnetic field correlates to the perpendicular anisotropy of the soft layer. Below 0.4 nm 
of NiFe thickness the soft layer has high perpendicular anisotropy as seen in Fig 4.5.2-(b) 
and the angle of maximum GMR is greater than 80. However, the angle of maximum 
GMR was reduced to 56 by increasing the NiFe thickness indicating that there is an 
obvious presence of in-plane anisotropy component in the PSVs. This gives an indication 
of how the spin angle configuration of the soft [Co/Pd] layer is changed as the NiFe 
insertion introduces in-plane anisotropy to the PSV with perpendicular anisotropy. 
 
 
Figure 4.5.6: Angular dependence of GMR on the NiFe insertion thicknesses in the [Pd 
(1.2)/Co (0.6)]2/NiFe (tNiFe)/Cu (1.9)/[Co (0.3)/Pd (0.6nm)]4 PSV, where 0 and  180 indicate 
field applied in-plane and 90 indicate field applied perpendicular to the film surface. * 
Schematic shows the definition of the angle of the applied magnetic field with respect to the 








4.5.3. Co insertion between the [Pd/Co]/NiFe and Cu spacer interface 
The reduction in GMR with NiFe insertion is undesirable in real device 
applications. Hence a Co layer was inserted in between the NiFe and Cu layers to restrain 
the Ni-Cu intermixing [13]. Co is chosen as it has a very limited solid solubility with Cu 
(below 1 at.%).  Previous works with NiFe/Cu/NiFe trilayers and NiFe/Co/Cu/Co/NiFe 
multilayers have shown with the aid of TEM and energy dispersive X-ray analysis (EDX) 
that the thin layer of Co was effective in blocking the Ni-Cu intermixing at the interface 
[13]. Figure 4.5.7-(a), (b), (c), and (d) show the effect of Co insertion layer thickness on 
the soft layer coercivity, HC, perpendicular anisotropy field, HK, GMR, and interlayer 
coupling field, HINT, respectively, of the [Pd/Co]2/NiFe(tNiFe)/Co(tCo)/Cu/[Co/Pd]4 PSV 
with Cu thickness of 1.9nm and NiFe thicknesses of (0.5-tCo) and (0.7- tCo) nm, where tCo 
is the Co insertion thickness. As shown in Fig 4.5.2, the NiFe thickness of 0.4 nm was 
optimal for reducing the soft layer coercivity while still maintaining the perpendicular 
anisotropy. Hence initial thicknesses of 0.5 and 0.7 nm of NiFe were chosen as it would 
allow for a thin layer of Co to be inserted while still maintaining the NiFe thickness 
within the optimal range. As can be seen in Fig 4.5.7-(c), the GMR was significantly 
improved by increasing the Co thickness up to 0.2 nm. Figure 4.5.5-(c) also shows the 
AFM topological image of the PSV with NiFe (0.5)/Co (0.2 nm). As can be seen in Fig 
4.5.5-(c), the roughness was significantly reduced indicating that the Ni-Cu intermixing is 
effectively restrained by the Co insertion [13]. This improved surface roughness which in 
turn increased the spin-dependent scattering of spin polarized electrons that lead to an 
increase in the GMR ratio. An incidental effect as seen in Fig 4.5.7-(a) and (b) is that the 





insertion thickness. At the thinner Co insertion below 0.3 nm, the possible Ni-Fe-Co alloy 
with in-plane anisotropy due to the mixture between NiFe and ultra-thin Co layer is 
supposed to be responsible for the reduction of perpendicular anisotropy. In contrast, for 
the thicker Co insertion above 0.4 nm, the in-plane tensile stress relaxation as well as the 
reduction of crystalline perpendicular anisotropy due to the change of Co crystal phase 
from fcc (111) dominant to hcp -Co (100) caused by the increase of Co layer thickness 
are the possible physical reasons for the reduction of perpendicular anisotropy in the 
[Pd/Co]2/NiFe/Co multilayers [16]. Furthermore there was a change in the interlayer 
coupling formed between the soft [Pd/Co]2 and hard [Co/Pd]4 layers due to Co insertion. 
As can be seen in Fig 4.5.7-(d), the interlayer coupling increases when the Co insertion 
layer thickness was increased up to 0.2 – 0.3 nm and then subsequently reduced with 
further increase of Co thickness. While the Co insertion reduced the interfacial surface 
roughness by restraining the Ni-Cu intermixing, further increases in the Co thickness did 
not significantly change the surface roughness. Thus the indirect exchange coupling due 
to the imbalance of magnetic moments of the two ferromagnetic layers, M[Pd/Co]2/NiFe/Co 
and M[Co/Pd]4, across the Cu spacer caused by the additional insertion of Co layers (1422 
emu/cm3)[17] was supposed to be the physical reason responsible for the change of 
interlayer coupling field. As the interlayer coupling energy is a function of M[Pd/Co]2/NiFe/Co 
and M[Co/Pd]4, this changes the interlayer coupling energy and consequently the 
perpendicular anisotropy and soft layer coercivity[18]. By controlling the thickness of the 
NiFe and Co insertion layers it is possible to optimize the PSV for device applications by 
reducing the soft layer coercivity to work with lower switching fields/currents while still 







Figure 4.5.7: The dependence of the soft layer coercivity, HC (a), perpendicular anisotropy 
field, HK (b), GMR (c) and interlayer coupling field, HINT (d), of the [Pd (1.2)/Co (0.6)]2/NiFe 
(tNiFe-tCo)/Co (tCo)/Cu (1.9)/[Co (0.3)/Pd (0.6nm)]4 PSV for NiFe thicknesses of (0.5-tCo) and 
(0.7-tCo) nm, on the Co insertion thickness,  tCo. 
 
4.5.4. Summary 
The insertion of NiFe between the soft [Pd/Co]2 layer and the Cu spacer in 
[Pd/Co]2/Cu/[Co/Pd]4 PSVs was found to effectively reduce the soft layer coercivity more 
than 76% by way of introducing an in-plane anisotropy component while still 
maintaining the perpendicular anisotropy. The change in the interlayer coupling field 





increase surface roughness caused by Ni-Cu intermixing at the interface. This intermixing 
led to a decrease in the GMR due to the increase of spin-independent scattering at the 
interface. Inserting a thin Co layer between the NiFe and Cu layers effectively improved 
the GMR up to 0.2nm of Co, by restraining the Ni-Cu intermixing. The experimentally 
confirmed results in this work demonstrated that NiFe 0.5nm/Co 0.2nm insertion at the 
interface between [Co/Pd] multi-layers and Cu spacer is effective in obtaining an 
optimum condition where the soft layer coercivity (anisotropy) is reduced while 
maintaining higher GMR ratio in the perpendicularly magnetized [Pd (1.2)/Co (0.6)]2/Cu 





4.6. Magnetic and thermal stability of nano-patterned [Co/Pd] based 
pseudo spin-valves  
In this work, we demonstrate the magnetic and thermal stabilities of nano-
patterned [Co/Pd]2/Cu/[Co/Pd]4 PSVs with perpendicular anisotropy down to 75  75 
nm2 device size to explore the feasibility for the development of an ultra-high density 
MRAM. The magnetic stability of the nano-patterned PSVs was determined by the GMR 
performance and switching behaviour characteristics under different applied magnetic 
fields, while the thermal stability was evaluated based on their remnant magnetic domain 
states and domain switching behaviour confirmed by MFM under different magnetic 
fields. In order to estimate the achievable MRAM density with the required thermal 
stability, the thermal stability factor was theoretically calculated for the PSVs with 
different feature sizes. Si/Ta(3)/[Pd(1.2)/Co(0.6)]2/Cu(2.5)/[Co(0.3)/Pd(0.6)]4/Ta(3 nm) 
(denoted as PPSV), and the Si/Cu(4)/NiFe(7.5)/Cu (4)/Co(4)/Cu(4 nm) (denoted  as IPSV) 
GMR PSVs with perpendicular and in-plane anisotropy, respectively, were deposited on 
a Si (100) substrate and studied for comparison. NiFe/Cu/Co trilayer structures were 
chosen over Co/Cu/Co structures for the IPSV since previous studies have shown a 
canted magnetization (towards the perpendicular anisotropy direction) in Co/Cu/Co 
multilayer systems [19] which could lead to a more complex system to analyze.  
4.6.1. Magnetic stability 
Figure 4.6.1-(a) and (b) show the GMR behaviour of the nano-patterned IPSVs 
and PPSVs respectively. Both sets of devices were fabricated together as per the process 





performance. As can be seen in Fig. 4.6.1-(a), the GMR of the IPSV with 500  500 nm2 
device size was reduced by 80% and the soft layer coercivity was increased from 12 Oe 
to 300 Oe (or by 2400%). The severe increase in coercivity was possibly due to the 
increased demagnetization field that results in trapped vortex magnetizations which 
require larger switching fields and lead to anomalous switching behaviour [20, 21]. They 
also exhibited a broad switching field characteristic which indicates incoherent switching 
in the nano-patterned devices. Different magnetization states at the edges of the 
nanostructures due to edge damage or pinning at defect sites may also be a contributing 
factor to the increase in coercivity and broad switching field.  In contrast, the PPSV with 
500  500 nm2 device size showed a 34% reduction in GMR and a 16% increase in 
coercivity. Further reduction down to 90  90 nm2 resulted in an 82% reduction in GMR 
and an 85% increase in coercivity. As confirmed in Fig. 4.6.2, the increase of coercivity 
was thought to be not due to the development of vortex magnetizations, but due to the 
possible physical damage occurring during the nano-patterning process. The reduction in 
GMR can also be explained by the geometrically induced high current density in the 
nano-patterned devices during measurement under constant current mode. The effect of 
the applied current density on the GMR behaviour was studied using a 1000  1000 nm2 
device as shown in Fig 4.6.1-(c). It was found that the maximum GMR ratio was obtained 
at a current density of J = 106 ~ 107 A/cm2. In contrast, the GMR signal disappeared 
below J = 105 A/cm2 due to insufficient biasing current and above J = 3 × 108 A/cm2 due 
to the electrical degradation caused by joule heating-induced electromigration [22]. The 





promising magnetic and GMR switching behaviour as well as electrical stability suitable 
for high density MRAM applications.   
 
Figure 4.6.1: GMR behavior of nano-patterned (a) IPSV, (b) PPSV, and (c) PPSV measured 





4.6.2. Thermal Stability 
     In order to study the thermal stability of nano-patterned IPSV and PPSV, their domain 
configurations were explored by MFM. Figure 4.6.2 shows the MFM images of the nano-
patterned IPSV and PPSV with the device sizes ranging from 500 to 90 nm with an 
aspect ratio of 1:1. Both nano-patterned PSVs were initially saturated with a +2 kOe of 
magnetic field along their easy directions and then their remnant states were captured. As 
can be seen in Fig 4.6.2, the nano-patterned PPSV apparently show single domain 
structure for all the sizes ranging from 500  500 nm2 down to 90  90 nm2. However, 
the IPSVs showed vortex or “flower” [23] domain structures in their remnant state. When 
the IPSV was patterned down to sub-micron dimensions, the devices experienced curling 
of magnetization at the edges due to the demagnetization field, and low magnetic 
anisotropy resulting in the development of vortex magnetization. Thus, to maintain a 
single domain configuration and to remove the trapped vortices, the patterned IPSV 
should have a high aspect ratio above 1:5 [24] leading to a reduction in the achievable 
MRAM density.  
The domain switching behaviour at different magnetic fields is also a crucial 
parameter in evaluating the thermal and magnetic stability of nano-patterned PPSVs 
targeted for high density MRAM. Figure 4.6.3-(a) shows the MFM images for the 
remnant states of nano-patterned PPSV with 300 (L)  200 (W) nm2 and 90  90 nm2 
geometry at the different applied magnetic fields of + 2 kOe, 200Oe and -500 Oe. In the 
MFM images, the dark regions indicate that the magnetization is fully aligned out-of-
plane (or positive saturation); while the bright regions indicate that the magnetization is 






Figure 4.6.2: MFM images of nano-patterned IPSV (right) and PPSV (left) for the sizes 
ranging from 500 × 500 to 90 × 90 nm2 
 
As can be seen in Fig 4.6.3-(a), each magnetic cell showed independent and single 
domain magnetic reversal behaviour when each different field was applied. At the fully 
saturated state with a positive field of +2 kOe, all the cells appear to be aligned in the out-
of-plane direction. At a positive field of 200 Oe, which was smaller than the 
[Pd(1.2)/Co(0.6)]2 soft layer coercivity (see in Fig 4.6.1-(b)), the magnetizations of all the 
cells are fully aligned into-the-plane. On the other hand, at a negative field of – 500 Oe, 
which is between the soft and the hard coercivity, most of cells exhibited low contrast 
images indicating that the soft layer was completely reversed and the PPSV is in an anti-
parallel state. However, some cells showed dark images even at – 500 Oe of magnetic 
field, implying that the [Co(0.3)/Pd(0.6)]4 hard layer can also be partially reversed at this 
field range as shown in Fig. 4.6.3-(b). The single domain switching behaviour of the 





can be considered for a MRAM cell with high memory density due to its predictable and 
stable scalability without severe magnetic degradation. In order to further confirm the 
stable magnetic state of nano-patterned PPSV for a high density MRAM cell, a closely 
packed 75 × 75 nm2 device array with 25 nm spacing was fabricated. Figure 4.6.4 shows 
the MFM image for the device array, which was fully saturated at a magnetic field of + 2 
kOe. As can be seen in Fig. 4.6.4, the patterned device array maintained a single domain 
configuration. This illustrates that if the MRAM device has a 1 transistor + 1 PPSV cell 
architecture with 79 mm2 chip size [25], a 1Gb MRAM can be effectively achieved in 
terms of magnetic and thermal stabilities. 
In order to numerically confirm the minimum feature size of PSV cells that can 
provide a practical thermal stability, the thermal stability factor (TSF) of the IPSV and 
PPSV was simply calculated by Eq. (4.6.1) and (4.6.2). 
 
TkVK BU / , where //// 5.0 kSU HMK  and )4(5.0 SkSU MHMK     (4.6.1) 
 
Where, Hk is the anisotropy field, MS is the saturation magnetization and V is the volume 
of the magnetic cell [26],[27]. The shape anisotropy of the nano-patterned PSV is 
introduced into Eq. (4.6.1) in the form of 
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where Ncell is determined by the geometric shape of the cell [28]. Using the 





approximately determined to be 15 for the IPSV and 177 for the PPSV. Table 4.6.1 
shows the achievable MRAM cell sizes for the IPSV and PPSV calculated based on a 1 
transistor + 1 cell architecture [25] and their TSF. The theoretically calculated results 
shown in Table 4.6.1 indicate that PPSVs would maintain a practical thermal stability [29] 
of E0/kBT > 40 even at a 45 × 45 nm2 cell size, which enables achieving a MRAM density 
beyond 1Gb. However, in order to achieve the same thermal stability, the device size for 
IPSV needs to be increased up to 160 × 160 nm2 leading to a drastic reduction in the 
achievable memory density. 
 
Figure 4.6.3: (a) MFM images of nano-patterned PPSV of 300×200 and 90×90 nm2 size at 
the different applied magnetic fields of +2 kOe, 200 Oe, and -500 Oe, and (b) Illustration of 
the magnetization configurations of the soft [Pd/Co]2 and hard [Co/Pd]4 layers at the 







Figure 4.6.4: MFM image of closely packed 75×75 nm2 device array of PPSV 
    
 
Table  4.6.1 : Calculated MRAM cell size and TSF for the PSVs with different MRAM 
densities 
 
Density (Mbit) MRAM cell size (nm) 1:1 
Thermal stability factor 
In-plane PSV Perpendicular PSV 
16 500 [25] 459.8 5468.7 
64 250 114.9 1367.2 
128 175 56.3 669.9 
256 125 28.7 341.8 
512 90 14.9 177.2 
1024 60 6.6 78.7 






In conclusion, it was demonstrated that the nano-patterned [Co/Pd] based PPSV 
exhibited a single domain switching behaviour and stable GMR performance even at low 
dimensions below 90  90 nm2 device size. This is due to the high magnetic and thermal 
stabilities of nano-pattered [Co/Pd] base PPSV, which show great promise for the 





4.7. Physical nature of anomalous peaks observed in extraordinary 
Hall effect measurement of exchange biased spin-valves with 
perpendicular anisotropy 
     In recent years, there has been a shift in interest from magnetic thin films and spin-
valves with in-plane anisotropy toward those with perpendicular anisotropy. This has 
been driven by the technical promises that they can provide high thermal and magnetic 
stabilities for nano-size controlled spintronics device applications [30, 26]. For these 
systems, the extraordinary Hall effect (EHE) has been extensively used to measure the 
intrinsic magnetic properties such as switching field and exchange bias field [31-34], 
because the Hall resistivity, ρH, has been experimentally confirmed to be dominantly 
proportional to the perpendicular component of the magnetization (M) as described in 
Eq. (2.5.1). However, despite concerted efforts in discovering various new physical 
phenomena in EHE for the past few years such as the reversal of EHE polarity, the 
scattering mechanisms in heterogeneous systems and the adoption of Berry phase 
concepts, which contribute towards the understanding of EHE [32,36-39], the practical 
expansions and the application scopes of EHE measurement still remain as future 
challenges. This is due to several unknown contributing factors that affect EHE, which 
can be used to characterize the extrinsic properties of magnetic thin films and spin-valves 
with perpendicular anisotropy for advanced spintronics and magnetoelectronics [36].  
     In this work the physical nature and the new practical applications of anomalous peaks 
accidently observed in the EHE measurement of exchange biased 





when the free and the pinned layers are magnetically reversed by an externally applied 
field, are studied. In order to understand the physical nature of the anomalous peaks, we 
first attempted to interpret this physical phenomenon in view of the physical correlation 
between ρH and magnetostatic energy of PA-SVs, Ems(M), which is closely related to the 
perpendicular anisotropy, the interlayer coupling, and the GMR behaviour, by 
establishing a physical model describing the physical relationship between interlayer 
coupling and Ems(M), perpendicular anisotropy and Ems(M), and GMR behaviour and 
ρH, respectively. The validity of the proposed model was experimentally verified by 
varying the perpendicular anisotropy and the interlayer coupling energy, which are 
directly relevant to the M of the PA-SVs, by inserting Co, and Pd or Ta respectively, at 
the [Pd/Co]/Cu interface. In addition, theoretical calculations numerically describing the 
dependence of ρH on the GMR and the Ems(M) were carried out to compare the proposed 
model with the experimental observations. 
     The Ta(2)/[Pd(0.6)/Co(0.4)]2/Cu(2.2)/Co(0.7)/[Pd(0.6)/Co(0.4)]2/FeMn(10.8)/Ta(2 nm) 
GMR PA-SVs were deposited using a DC magnetron sputtering system [40]. The 
magnetoresistance and EHE were measured using a D.C. four-point probe system under 
the applied magnetic field of ± 2 kOe perpendicular to the film plane direction and the M-





4.7.1. Theoretical model 
 
Figure 4.7.1: EHE loop of an exchange biased Ta/[Pd/Co]2/Cu/Co/[Pd/Co]2/FeMn spin-
valve with perpendicular anisotropy (EBPA-SV) and the corresponding M-H and R-H 
(GMR) loops (insets). Arrows indicate the direction of field sweep. 
 
Figure 4.7.1 shows the EHE, M-H, and R-H (GMR) loops obtained from 
Ta(20)/[Pd(0.6)/Co(0.4)]2/Cu(2.2)/Co(0.7)/[Pd(0.6)/Co(0.4)]2/FeMn (10.8)/Ta(20 nm) 
PA-SVs. As can be seen in Fig 4.7.1, the EHE loop had the same intrinsic magnetic 
properties of the GMR PA-SVs as those observed from M-H and R-H measurements. 
However, the EHE loop apparently exhibited anomalous peaks at the switching field of 
free and pinned layers where the M of the ferromagnetic layer was reversed by an 
externally applied field. By considering Eq. (2.5.1) describing the underlying physical 
correlation between ρH and M directly relevant to the Ems, the observed anomalous peaks 
were attempted to be interpreted as being partially due to the abrupt change in Ems at the 
switching field of PA-SVs. In general, for the magnetic thin films with perpendicular 










DHHME UXZ     (4.7.1) 
 
where, M is the magnetization, HZ and HX respectively, are the perpendicular and in-plane 
components of the applied field, θ is the angle between the ferromagnetic layer 
magnetization and the perpendicular direction, KU is the effective perpendicular 
anisotropy and D is related to the demagnetization in the in-plane direction [41]. 
Considering that the applied field was always perpendicular to the film plane direction in 
the EHE measurement of PA-SVs, the HX and consequently the second term in Eq. (4.7.1) 
can be assumed to be negligible. Therefore, the total magnetic energy per unit area for the 
entire exchange biased PA-SV is given by the summation of the energies of the free and 


























    (4.7.2) 
 
where, tF and tP are the free and pinned layer thickness and θF , θP and θAFM respectively, 
are the angles between the perpendicular axis and the free and pinned layer 
magnetizations and the exchange bias field. KUF and KUP respectively are the effective 
anisotropy constants of the free and pinned layers, Hex is the exchange bias field and JINT 
is the interlayer coupling energy. The exchange bias energy is based on the proposed 
model in [Co/Pd]/FeMn thin films described in Ref. [42], while the interlayer coupling 





Neel coupling as studied in perpendicular anisotropy systems [43,44]. The interlayer 
coupling field was experimentally determined by measuring the shift in the minor loop of 
the M-H loops. Furthermore, it was assumed that the initial magnetizations of the 
ferromagnetic layers, θF and θP are slightly tilted away from the perpendicular direction 
by 5-10o and θAFM is taken as 19.5o from the in-plane direction [42].  
For the Co/Pd based exchange biased PA-SVs, it can be understood from Eq. 
(4.7.2), that the total magnetostatic energy of the system would be large due to the large 
exchange bias field and perpendicular anisotropy. Therefore, when an external magnetic 
field is applied to reverse the free or pinned layer magnetizations, there is an abrupt 
change in the magnetostatic energy, because the magnetization angles of the two 
ferromagnetic layers, θF and θP change with the applied field. The highest peak intensity 
across all the samples was found to be the “negative free peak”, which occurs when the 
external magnetic field is swept from a positive saturation field to negative saturation 
field and the free layer magnetization switches such that the spin-valve goes from a 
parallel to an anti-parallel spin state. During such a reversal, θF or θP would not change 
from 0 to 180o directly but is likely to precess due to a competition between the energy 
from the external applied field and the pinned layer magnetostatic energy, which are 
comparable. This leads to an increase in the EHE signal at the switching fields 
contributing to the observed anomalous peaks. The absence of the anomalous EHE peaks 
in pseudo spin-valves with perpendicular anisotropy indicates that the energy competition 
at the switching field is enhanced due to the large pinning field from the anti-
ferromagnetic layer in the exchange biased PA-SVs. Furthermore, it was assumed that the 





magnetostatic energy change but also to the reluctance of the switching process. In the 
case of a system with large interlayer coupling energy, the switching time becomes 
comparable to the Hall measurement time, whereas if the system is weakly coupled, the 
switching time is much faster than the measurement time and any anomalous peaks 
would not be observed. 
     In addition to the contribution of magnetostatic energy to the anomalous peak, the 
effect of GMR behaviour on ρH was also considered. For ordinary ferromagnetic thin 
films, the field dependence of ρH is similar to that of the M as given in Eq. (2.5.1), 
assuming that RS is field independent since the field dependence of the electrical 
resistivity, ρ is not significant. For GMR SVs, since ρ is highly field-dependant, the field 
dependence of RS must be taken into account. It has been widely accepted [37, 45] that 
extraordinary hall component is due to skew-scattering and side-jump mechanisms, 
where the skew-scattering contribution is proportional to ρ and both skew-scattering and 
side-jump mechanism contribute to the ρ2 term [35, 46] as described by Eq. (4.7.3), 
 
2 baRS         (4.7.3) 
 
Taking into account the field dependence of ρ in Eq. (4.7.3), the competition between the 
increment of M(H) and the decrement of RS(H) with H at certain applied field ranges was 
also considered in the study of the contributing effects of the anomalous peak in the EHE 
measurement. For some GMR systems with in-plane anisotropy and large GMR ratios, a 
“bump” in the EHE measurement has been reported [47, 48]. However, for those cases, 
the peak intensity was less than 50% of the saturation Hall resistivity. In the case of the 





several orders higher than the saturation Hall resistivity indicating that the physical 
contributions of both the field dependence of RS and magnetostatic energy are significant. 
 It has been suggested that anomalous contribution to the Hall signals in 
superconductors and possibly ferromagnetic materials with perpendicular anisotropy 
could be due to field derivatives of the GMR signal in the presence of minor asymmetric 
inhomogeneities in the materials [49]. The field deviation (H) of the magnetic 
transitions required to fit the observed anomalous peak was calculated for the samples in 
this work, and was found to be 120Oe. Such a large field deviation was not observed in 
GMR measurements of different parts of the sample. It has been assumed that although 
inhomogeneities may play a role in the presence of the anomalous peak, their effect is 





4.7.2.      Effect of the variation of perpendicular anisotropy and interlayer 
coupling field on the anomalous EHE peak intensity 
 
Figure 4.7.2: Effects of Co insertion on (a) the perpendicular anisotropy, KUf, (M-H loops), 
(b) the magnetostatic energy difference at the switching field, EMAG, (c) the GMR ratio & 
the interlayer coupling energy, JINT, and  (d) the anomalous EHE peak intensity, IEHE  in the 
Ta/[Pd/Co]2/Co(tCo)/Cu/Co/[Pd/Co]2/FeMn EBPA-SVs. 
 
In order to clearly understand and investigate the physical correlation between ρH 
and magnetostatic energy of PA-SVs, Ems(M), which is closely related to the 
perpendicular anisotropy and the interlayer coupling, the structure of the exchange biased 
PA-SVs was modified to vary the perpendicular anisotropy and interlayer coupling 
energy. By changing the thickness of Co insertion at the interface between free layer and 
Cu spacer in Ta(20)/[Pd(0.6)/Co(0.4)]2 /Co(tCo)/ Cu(2.2) /Co(0.7)/ [Pd(0.6)/Co(0.4)]2/ 





between the magnetostatic energy and the anomalous peak intensity were consequently 
studied. Only the change of perpendicular anisotropy of the free layer was considered, 
since the peaks with the highest intensity are associated with the free layer reversals. 
Increasing the Co insertion thickness leads to the formation of in-plane crystalline 
anisotropy in the Co layer as well as a release in the tensile stress at the interface of 
Co/Pd multi-layers, which is expected to result in the degradation of the overall 
perpendicular anisotropy of the free layer [50]. Figures 4.7.2-(a) ~ (d) show the physical 
dependence of variation of Co insertion thickness on the M-H loops, the change in 
perpendicular anisotropy (the change in the magnetostatic energy, EMAG, at the switching 
fields calculated from Eq. (4.7.2)), the GMR ratio as well as interlayer coupling field, and 
the anomalous EHE peak intensity obtained from the PA-SVs. As can be clearly seen in 
Fig. 4.7.2, the change of perpendicular anisotropy and the interlayer coupling energy 
caused by the Co insertion thickness variation strongly influenced the change in the total 
magnetostatic energy of the PA-SVs. In addition, it was found that the GMR ratio of the 
PA-SVs was closely relevant to the physical behaviour of interlayer coupling energy. The 
experimentally analyzed results shown in Fig. 4.7.2 strongly demonstrate that the 
physical nature of anomalous EHE peak observed from Co/Pd based exchange biased 
PA-SVs is strongly related to the change in perpendicular anisotropy of free and pinned 






Figure 4.7.3: Effects of Pd or Ta non-magnetic insertion on (a) the GMR ratio & the 
interlayer coupling energy, JINT, (b) the magnetostatic energy difference at the switching 
field, EMAG, and (c) the anomalous EHE peak intensity, IEHE. (d), and (e) show the measured 
EHE loops with Pd and Ta insertions respectively in the Ta/[Pd/Co]2/X(Pd or Ta)(tx)/Cu/ 
X(Pd or Ta)(tx)/Co/[Pd/Co]2/FeMn EBPA-SVs. 
 
     It has been assumed that a large anomalous peak will appear if the pinned and free 
layers are strongly coupled together, as there is reluctance to the magnetic reversal of one 





two ferromagnetic layers. In addition, as indicated in Eq. (4.7.2), an increased interlayer 
coupling field, HINT, would result in the increase of magnetostatic energy, EMAG. In order 
to investigate the physical correlation between HINT and anomalous EHE peak intensity, 
the basic PA-SV structure was changed by inserting a Pd or Ta layer at the interface 
between the ferromagnetic layers and the Cu spacer, Ta(20)/[Pd(0.6)/Co(0.4)]2/(Pd(tPd) 
or Ta(tTa))/Cu(2.2)/ (Pd(tPd) or Ta(tTa))Co(0.7)/[Pd(0.6)/Co(0.4)]2/FeMn(10.8)/ Ta(20 
nm). It is expected that the insertion of a thin non-magnetic layer would lead to the 
disruption of the interlayer coupling between the pinned and free ferromagnetic layers. 
Figure 4.7.3-(a) ~ (c) shows the GMR and HINT, the EMAG change at the switching field 
calculated from Eq. (4.7.2), and the corresponding anomalous EHE peak intensity, 
respectively, for the PA-SVs with Pd and Ta (see insets) insertion. In addition, Figures 
4.7.3 - (d) and (e) show the actual EHE loops for the PA-SVs. It was clearly observed 
that the GMR and the HINT of the PA-SVs with Pd insertion were rapidly decreased by 
increasing the Pd thickness. Correspondingly, there was an apparent reduction in the 
anomalous EHE peak intensity. Furthermore, unlike Pd, which shows pseudo-magnetic 
properties when it is adjacent to ferromagnetic layers, the insertion of 0.1 nm thick non-
magnetic Ta layer exhibited an immediate reduction in the GMR ratio and HINT along 
with the anomalous EHE peak intensity. According to Eq. (4.7.2), the reduction in the 
HINT is directly relevant to the reduction in the EMAG and the GMR ratio (in 
ferromagnetically-coupled regions). From this physical view point, the physical nature of 
the anomalous EHE peak observed in the exchange biased PA-SVs can be understood to 
originate from the abrupt change in EMAG during magnetic reversal. Furthermore, by 





extrinsic properties of PA-SVs such as HINT and GMR ratio can be evaluated by the 
physical behaviour of anomalous EHE peak intensity.  
 
4.7.3. Effect of the GMR effect on the anomalous EHE peak intensity 
One of the contributing factors to the anomalous peaks in EHE measurement of exchange 
biased Co/Pd based PA-SVs has been assumed to be the physical effects of GMR on 
extraordinary hall coefficient, RS and consequently ρH. It is assumed that RS is field 
dependent in the PA-SVs with a higher GMR ratio. Therefore, it follows that one or both 
of the scattering parameters, a and b in Eq. (4.7.3) can be expected to be field dependent. 
In order to confirm this physical assumption, RS(H)/ρ(H) was plotted as a function of the 
electrical resistivity, ρ(H) for -500Oe < H < 0Oe, as shown in Fig. 4.7.4 (c). The RS(H) 
was determined from the measured M-H loops and Eq. (2.5.1) while, ρ(H) was 
determined from the R-H loops. In the case of PA-SVs with a lower GMR ratio 
(corresponding to 0.4 and 0.5nm of Pd insertion), which also exhibited very low or no 
anomalous peaks in the EHE measurements (as in Fig. 4.7.4 (b)), the plots show a nearly 
linear relationship as )()(/)( HbaHHRS    indicating that RS is nearly constant and 
independent of the applied field. However in the case of PA-SVs with a higher GMR 
ratio (corresponding to no or 0.1 nm of Pd insertion), which also exhibited a large 
anomalous peak intensity in the EHE measurement, there was a large deviation from 
linearity of the RS(H)/ρ(H) vs. ρ(H) plots. This result clearly confirms the assumption that 
there exists a field dependence of RS(H) which is related to field dependant scattering 





EHE peak intensity indicate that the field dependence of RS is also a crucial contributing 
factor to the observation of the anomalous EHE peaks. 
 
 
Figure 4.7.4: Dependence of Pd insertions on (a) the measured GMR behavior, (b) the EHE 
peaks over an applied magnetic field range of -500 to 0 Oe, and (c) the calculated RS(H)/ρ(H) 






4.7.4. Calculated EHE peak intensity based on variation of magnetostatic energy, 
perpendicular anisotropy and interlayer coupling energy 
 
Figure 4.7.5: Calculated EHE loops for the “negative” free layer peaks as a function of (a) 
perpendicular anisotropy of free layer, KUf , (b) change in magnetostatic energy, EMAG, and 
(c) interlayer coupling energy, JINT. * The solid line indicates the experimentally measured 





     In order to confirm the physical validity of our proposed model and assumptions 
regarding to interpreting the physical nature of anomalous peak intensity observed in 
EHE measurements, the dependence of anomalous peaks on the perpendicular anisotropy 
of free layer, the total magnetostatic energy and the interlayer coupling energy were 
numerically and theoretically analyzed as shown in Fig. 4.7.5. For simplicity, only the 
“negative” free layer peak was considered for the numerical calculation. First, the field 
dependent extraordinary Hall effect coefficient, RS(H) was calculated based on the 
measured M-H loop and ρ(H) values; and this calculated RS(H) was used for all the 
subsequent calculations. Using Eq. (4.7.2) and the free layer magnetization angle change 
during reversal, M, was calculated for different values of free layer anisotropy, KUf, 
magnetostatic energy, EMAG and interlayer coupling energy, JINT. Based on the calculated 
magnetization, ρH was calculated using Eq. (2.5.1). As can be seen in Fig 4.7.5-(a), the 
anomalous EHE peak intensity was increased by increasing KUf. However, the effect of 
the perpendicular anisotropy term alone is not significant when compared with the other 
energy terms contributing to the total magnetostatic energy. On the other hand, the effect 
of JINT on the anomalous peak intensity was verified to be significant as seen in Fig 4.7.5-
(c), and agreed well with the experimental results shown in Fig. 4.7.3. In addition to the 
increase in the peak intensity with the increase in interlayer coupling energy, the 
calculated EHE loop showed a few small peaks around the main peak, which may be 
interpreted as a result of the reluctance to the free layer magnetization reversal. Given the 
proportional relationship with the interlayer coupling energy and the GMR ratio in 
ferromagnetically-coupled systems, there would also be an increase in the GMR ratio and 





total energy of the system including the perpendicular anisotropy and the interlayer 
coupling energy, there was a significant increase in the anomalous peak with the increase 
in the magnetostatic energy as shown in Fig 4.7.5-(b). The numerically calculated results 
strongly demonstrates that the observed anomalous EHE peaks of PA-SVs are primarily 
due to the abrupt change in magnetostatic energy caused by the free or pinned layer 
reversal as well as the field dependence of the EHE coefficient RS. Furthermore, this 
result paves a new way in physical measurement using the EHE measurement for 
qualitatively evaluating  the extrinsic properties of exchange biased PA-SVs including 




     In conclusion, we accidently observed anomalous peaks in EHE measurement of 
exchange biased GMR spin-valves with perpendicular anisotropy (PA-SVs). It was 
experimentally and theoretically confirmed that the physical nature of anomalous EHE 
peaks is originated from the abrupt change in magnetostatic energy caused by the free or 
pinned layer reversal as well as the dependence of the EHE coefficient RS on the applied 
magnetic field in PA-SVs. This newly observed physical phenomenon in EHE 
measurement paves a way to indirectly estimate the extrinsic magnetic properties of PA-






4.8. MgO based MTJ using [Co/Pd] based ferromagnetic electrodes 
with perpendicular anisotropy 
One of the aims of this thesis work is the development of MTJs with 
perpendicular anisotropy utilizing Co/Pd based ferromagnetic electrodes. Preliminary 
work involved Al-O based tunnel barriers. The tunnel barriers were deposited by plasma 
oxidation of a thin Al layer. Figure 4.8.1 shows the major and minor M-H loops of the 
MTJ with structure Pd(3)/[Co(0.3)/Pd(0.8)]2/Co(0.5)/Al(1.15 + Plasma 
oxidation )/Co(0.5)/[Pd (0.9)/Co(0.3)]2 /Pd (2nm). Well separated soft and hard layers 
can be identified. However fabrication of a CPP MTJ device and measurement of the 
TMR ratio for this sample was not successful.  
 
 
Figure 4.8.1: Major and minor M-H loop for perpendicular MTJ with structure Pd(3)/[Co 
(0.3)/Pd(0.8)]2/Co(0.5)/Al(1.15 +Plasma oxidation )/Co(0.5)/[Pd (0.9)/Co(0.3)]2 /Pd (2nm) 
 
As previously discussed Al-O does not form a good tunnelling barrier and would 





tunnelling barrier prompted the study of an MgO based MTJ device. The device with the 
structure Ta(5)/Cu(30)/Ta(2)/ [Pd(1.5)/Co(0.6)]2/ Pd(0.6)/Co(0.33) /MgO(t) /Co(0.33)/ 
[Pd(0.75)/Co(0.3)]4 /Ta(2nm) was fabricated, where the thickness of the MgO layer was 
varied from 0.5 to 5nm. The MgO barrier was deposited at a power of 80W and Ar 
working gas pressure of 2mT. The deposition conditions of the Co and Pd layers 
remained the same as those optimized for the earlier PSV studies; however the structure 
was varied slightly to improve the perpendicular anisotropy of both the soft and hard 
layers. Figure 4.8.2 shows the XRD peaks for the MTJ with MgO tunneling barrier. The 
MgO (200) peak appeared slightly shifted but with increasing intensity according to the 





Figure 4.8.2: XRD peak of Ta(5)/Cu(30)/Ta(2)/ [Pd(1.5)/Co(0.6)]2/ Pd(0.6)/Co(0.33) /MgO(t) 









Figure 4.8.3: M-H loops of Ta(5)/Cu(30)/Ta(2)/ [Pd(1.5)/Co(0.6)]2/ Pd(0.6)/Co(0.33) /MgO(t) 










Figure 4.8.4: Interlayer coupling field and soft and hard layer coercivities of Ta(5)/Cu(30) 
/Ta(2)/ [Pd(1.5)/Co(0.6)]2/Pd(0.6)/Co(0.33) /MgO(t) /Co(0.33)/ [Pd(0.75)/Co(0.3)]4 /Ta(2nm) 
for MgO thickness 0.5 – 5nm. 
 
Figures 4.8.3, and 4.8.4 show the magnetic properties of the MTJs with MgO 
tunneling barrier. As can be seen in Fig 4.8.3, a barrier thickness of 1nm was necessary to 
obtain independent switching of the soft and hard Co/Pd layers. At lower thicknesses it 
can be assumed that there are several pin holes and defects in the tunnel barrier. Even at 
an MgO thickness of 1nm, a large interlayer coupling field was measured, indicating the 
possibility of an imperfect barrier through which the soft and hard layer magnetizations 
are strongly coupled. As shown in Fig. 4.8.3, MgO thicknesses above 1nm exhibit low 
intensity ferromagnetic and anti-ferromagnetic interlayer coupling between ±5Oe.  
 Although promising crystalline and magnetic properties of the MgO based MTJ 
devices were observed, challenges in the CPP fabrication of the MTJ devices resulted in 
no workable devices. Further optimization especially in the device etching steps is 
required to successfully fabricate CPP-MTJ devices for the measurement of the TMR 






4.9. [Co/Pd] based CPP GMR pseudo spin-valve  
The results presented thus far have studied the thin film magnetic and 
magnetoresistance properties of Co/Pd based PSVs as well as the CIP measurements of 
nano patterned PSV elements. CPP GMR devices were fabricated using the methods 
described in Chapter 3. In order to reduce the roughness of the bottom electrode which 
can adversely affect the properties of the Co/Pd layers grown on it, a sandwich structure 
of Ta(5)/Cu(x)/Ta(2nm) was used as the bottom electrode material. The Ta layers tend to 
be amorphous providing smoother interfaces. Although a thinner Cu layer would present 
a smaller roughness, a thick bottom electrode is necessary for adequate current 
conduction.  The thickness of the Cu electrode was varied from 5nm to 60nm and the 
magnetic and magnetoresistance properties were studied.  
 
4.9.1. Structural and magnetic properties of [Co/Pd] based spin-valves with 
varying bottom electrode Cu thickness 
Figure 4.9.1 shows the XRD peaks for the bottom electrode/PSV structures 
indicating the formation of Cu fcc (111) crystalline structure for a Cu thickness greater 
than 20nm. The Pd fcc (111) and -Co hcp (100) peaks appeared even at very low Cu 
thicknesses and seemed to disappear as the Cu thickness increases above 30nm. 
Assuming that the there was no loss of the XRD signal detection due to the relative 
intensities of the peaks, the reduction in the Co and Pd crystalline peak intensities could 







Figure 4.9.1: XRD peak of Si/Ta(5)/Cu(x)/Ta(2)/[Pd(1)/Co(0.38)]3/Pd(0.6)/Co(0.38)/Cu(2.25) 
/Co(0.38)/ [Pd(0.75)/Co(0.29)]4/Ta(2nm) for bottom electrode Cu thickness, x = 5, 10, 20, 30, 
40, 50, 60nm  
 
 Figures 4.9.2 and 4.9.3 show the M-H loops and the interlayer coupling field, soft 
and hard layer coercivities extracted from the major and minor M-H loop measurements, 
respectively. As can be seen from Figs. 4.9.2 and 4.9.3, a large increase in both the soft 
and hard layer coercivities with the bottom electrode Cu thickness is contrary to the 
assumption above, that the crystalline structures of the Co and Pd layers were degraded. 
However, considering the large increase in the surface roughness, this increase in 
coercivity may be due to the increase in domain pinning sites and formation of a granular 






Figure 4.9.2: Major and minor M-H loops of Si/Ta(5)/Cu(x)/Ta(2)/[Pd(1)/Co(0.38)]3/Pd(0.6) 
/Co(0.38)/Cu(2.25)/Co(0.38)/[Pd(0.75)/Co(0.29)]4/Ta(2nm) for bottom electrode Cu thickness, 
x = 5, 10, 20, 30, 40, 50, 60nm 
 
 
Figure 4.9.3: Interlayer coupling field, and soft and hard layer coercivities of Si/Ta(5)/ Cu(x) 
/Ta(2)/ [Pd(1)/Co(0.38)]3 /Pd(0.6)/Co(0.38)/Cu(2.25)/Co(0.38)/ [Pd(0.75)/Co(0.29)]4/ Ta(2nm)  





4.9.2. CIP GMR measurements 
Prior to CPP GMR measurements, the CIP GMR of 11µm2 devices was 
measured. The raw measured signals were corrected for shunting through the bottom 
electrode using a simple parallel resistor model. By considering the resistivity of each 
layer, the current through the electrodes, GMR stack and capping layers could be 
determined and subsequently the change in the resistance of only the GMR stack was 
calculated. The CIP GMR signal was too low to be measured for bottom electrode Cu 
thicknesses of 50 and 60nm. Figure 4.9.4, shows corrected CIP GMR signals for the 
bottom electrode/PSV structures with an electrode Cu thickness of 5 – 40nm. As can be 
seen in Fig 4.9.2, the corrected GMR ratio reduced from 8.6% for a bottom electrode Cu 
thickness of 5nm to 2.8% for a Cu thickness of 40nm, possibly due to increased 
roughness from the thicker bottom electrode. The noise introduced into the measured 
signal for higher Cu thicknesses is due to the low current passing through the active 
device region leading to a lower measured signal. The increase in coercivities with 
increasing Cu thickness corresponds well with that measured in the M-H loops of the 
plane films. There was however a small percentage increase in the coercivities over all 






Figure 4.9.4: CIP GMR measurements of 11µm2 elements of Si/Ta(5)/ Cu(x) /Ta(2)/ 
[Pd(1)/Co(0.38)]3 /Pd(0.6)/Co(0.38)/Cu(2.25)/Co(0.38)/ [Pd(0.75)/Co(0.29)]4/ Ta(2nm)  for 
bottom electrode Cu thickness, x = 5, 10, 20, 30, 40nm 
 
 
Figure 4.9.5: Comparison of measured and corrected CIP GMR of Si/Ta(5)/ Cu(x) /Ta(2)/ 
[Pd(1)/Co(0.38)]3 /Pd(0.6)/Co(0.38)/Cu(2.25)/Co(0.38)/ [Pd(0.75)/Co(0.29)]4/ Ta(2nm)  for 






A comparison of the measured raw and corrected GMR signals is shown in Figure 
4.9.5. It can be seen that this simple parallel resistor model of correcting for the actual 
signal is effective in that observed trend in the GMR ratios is still maintained. The 
corrected values are also comparable to those obtained in sheet films where only the 
spacer layer provided a shunting path. 
 
4.9.3. CPP GMR measurements 
The CPP GMR measurements were carried out on the fabricated CPP device 
structures. Although the methods described in § 3.2 allowed for successful fabrication of 
CPP structures, the yield could still be improved. For the device sizes of 100nm and 
below, the lift off of the oxide layer above the etched device was found to be incomplete. 
Prolonged soaking in the remover solution or mechanical agitation created pinholes as the 
oxide close to the edges of the device were also removed, leading to the current shunting 
through the device layers.  
The CPP device resistance was found to be a good indicator of the successful 
fabrication of the devices. For successfully fabricated devices, the device resistance was 
between 450 – 650 Ω/μm2, while if the device was shorted, the device resistance was 
found to be less than 100 Ω/μm2.  It was found that a clear signal could not be obtained 
for device sizes larger than 200nm diameter. This is expected as the signal from the CPP-
GMR device is inversely proportional to the cross-sectional area; and the signal-to-noise 
ratio in the larger devices would be too small to detect a clear signal. As shown in Figures 
4.9.6 and 4.9.7, the CPP GMR of the 150nm and 100nm diameter devices were ~ 0.89% 





sized devices, the soft and hard layer coercivities were increased by 2.5 – 3 times their 
thin film values (corresponding to 920Oe and 2100Oe for the soft and hard layer 
coercivities of the 100nm diameter devices). However this increase in coercivity was not 
significant compared to the coercivity of the 1×1µm2 CIP devices indicating that the 
nano-patterning process does not degrade the magnetization of the films. The multilayer 
structure of the Co/Pd soft layer prevents the degradation of the magnetic properties of 
the Co film after nano-patterning compared to bulk Co films. This is because the physical 
origin of PMA of a Co/Pd multilayer is primarily due to interfacial stress-induced PMA. 
The relatively high GMR ratio and low soft layer coercivity below 1 kOe of the 
nanopillar devices can be expected to allow for a CPP PSV structure to have good STS 
characteristics. 
 
Figure 4.9.6: CPP GMR measurements of 150nm diameter devices with structure Si/Ta(5)/ 
Cu(x) /Ta(2)/ [Pd(1)/Co(0.38)]3 /Pd(0.6)/Co(0.38)/Cu(2.25)/Co(0.38)/ [Pd(0.75)/Co(0.29)]4/ 






Figure 4.9.7: CPP GMR of 100nm diameter devices with structure Si/Ta(5)/ Cu(20)/Ta(2)/ 
[Pd(1)/Co(0.38)]3/Pd(0.6)/Co(0.38)/Cu(2.25)/Co(0.38)/[Pd(0.75)/Co(0.29)]4/Ta(2nm)   
 
Additionally, no significant differences in the GMR of the devices with different 
bottom electrodes were found. Unlike in a CIP GMR configuration where an increase in 
the electrode thickness would reduce the measure GMR through shunting, a thicker 
electrode is preferred in a CPP GMR structure. However considering the detrimental 
effects of the changes to the crystalline structure and roughness for a thicker electrode, 





4.10. Spin transfer switching characteristics of [Co/Pd] based pseudo 
spin-valves 
4.10.1. Spin transfer switching measurements 
The STS behavior of the [Co/Pd] based pseudo spin-valves have been measured 
based on the CPP device structures discussed in § 4.9 above. The film structure of the 





Figure 4.10.1: SEM of completed CPP-STS device showing the electrodes (indicating the  









The completed device structure is shown in Figure 4.10.1. For the measurement 
configuration the positive terminals are connected to the top electrodes and the negative 
terminals are connected to the bottom electrodes as indicated in Fig 4.10.1. This implies 
that a positive current is required to switch from parallel to antiparallel state (P-AP) and a 
negative current is required to switch from antiparallel to parallel state (AP-P). The STS 
measurement is carried out using the setup described in § 3.3.6. The mechanism of STS 
consists of both the precessional and thermal activated switching regimes of the applied 
current which are directly relevant to the switching energy barrier and switching time [51, 
52]. The current density required for STS depends on the applied pulse duration, τ 
according to Eq. (4.10.1) 
 
Jc = Jc0[1-(kbT/E) ln (τ/τ0)]      (4.10.1) 
 
where Jc0 is the intrinsic switching current density, E is the energy barrier for 
magnetization reversal, T is the device temperature and τ0 is the reciprocal of the 
switching attempt frequency [52]. In order to study the effect of the applied pulse 
duration of the critical current required for switching the [Co/Pd] PSV nanopillars, a 
pulsed current with amplitude of up to ±15mA with a pulse width of 1ms to 100ns was 
used to study the variation of the STS characteristics with the current pulse duration. As 
can be seen in Figure 4.10.2, a large pulse width (1ms) leads to significant joule heating, 
as indicated by the gradual increase in resistance at higher currents. However the joule 
heating also aids the switching process by reducing the switching fields of both the soft 





and IP-AP = 1.52mA corresponding to a switching current density of  JAP-P = -8.6×106 
A/cm2 and JP-AP = 1.52×107 A/cm2. The large pulse width also leads to irreversible 
increases in the resistance which was verified to be due to heating induced damage to the 
device by a reduction in the GMR ratio. In order to perform the measurements without 
damage to the device, the current pulse width was reduced to 100ns. Joule heating was 
significantly reduced as shown in Fig 4.10.2 (b) and (c), however, the switching current 
was significantly increased. For various 100nm diameter devices the switching current 
density was found to be JAP-P = -2.6×107 A/cm2 to -3.2×107 A/cm2 and JP-AP = 3.8×107 
A/cm2 to 5.5×107 A/cm2. Even under such a precessional switching dominated reversal 
process, the critical current densities that were obtained in these [Co/Pd] based PSV 
devices were found to be lower than those reported for other fully perpendicular pseudo 
spin-valves with perpendicular anisotropy as was shown in Table 2.6.1. Considering the 
factors related to the critical current density as given by Eq. (2.6.2) and the [Co/Pd] based 
PSV structure, the observed low critical current density is thought to be due to the 
following factors: 1) higher spin-transfer efficiency arising from the smaller spin orbital 
scattering and longer spin diffusion length of the thinner Pd compared to materials like Pt, 
and 2) the lower soft-layer-film thickness and coercivity of less than 1kOe in the CPP 
devices, which are directly relevant to the STS critical current density. However, even at 
a low soft layer coercivity and thickness, high magnetic and thermal stability was 
maintained as shown in § 4.6 above. The adjustment of the soft-layer-film thickness and 







Figure 4.10.2: Spin transfer switching measurements of different 100nm diameter devices 
with structure: bottom electrode / [Pd(1)/Co(0.38)]3 /Pd(0.6)/ Co(0.38)/ Cu(2.25)/ Co(0.38) 
/[Pd(0.75) /Co(0.29)]4 /Ta(2nm) using a current pulse of (a) 1ms and (b), (c) 100ns. The 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 
5.1.1. Conclusions 
In recent years, the focus of spintronic research has shifted towards the study of 
perpendicular anisotropy materials in GMR and spin-transfer switching (STS) driven 
applications such as MRAM and spin torque oscillators. PMA materials promise the 
lowering of critical current densities and the improvement of scalability due to their high 
thermal stabilities in these applications. [Co/Pd] based systems in particular are more 
attractive in these applications as they are expected to exhibit a higher and more stable 
GMR, with high perpendicular anisotropy due to the thinner Pd thicknesses as compared 
to a [Co/Pt] system [1]. The work reported in this thesis aims to study the physical, 
magnetic and magneto-electronic properties of [Co/Pd] based spin-valve and MTJ 
structures with the aim of optimizing the device parameters and developing spin-transfer 
switched devices. The major findings of this work are summarized below, followed by 
recommendations for future work in this area. 
 
I. The degradation of perpendicular anisotropy in the soft layer of a PSV structure was 
observed to be due to strain relaxation in the Co layer which in turn was caused by 
the subsequently deposited Cu layer. It was also found that the initial smooth 
interface of a Ta seed layer allowed for the growth of strong Pd (111) structure along 
with a meta-stable hcp α-Co (100) ferromagnetic layer leading to high perpendicular 
anisotropy as compared with other seed layer materials 
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II. It was demonstrated that the physical behaviour of interlayer coupling and its 
contribution to the GMR characteristics in the perpendicularly magnetized 
[Pd/Co]/Cu/[Co/Pd] spin-valves was strongly affected by the perpendicular magneto-
static dipole field induced by the perpendicular anisotropy of the soft and hard [Co/Pd] 
multi-layers. In addition, it was theoretically and experimentally verified that the 
interlayer coupling in the spin-valves with perpendicular anisotropy dominantly 
followed a RKKY oscillation coupling rather than a topologically induced coupling.  
 
III. By considering the physical relationship between the perpendicular interlayer 
coupling field induced in-between the soft and hard [Co/Pd] layers through the Cu 
spacer and the perpendicular anisotropy of the soft and hard [Co/Pd] layers, a model 
that the GMR in the PSV with perpendicular anisotropy is proportional to the sine of 
the angle formed between the soft and hard layer magnetizations along the 
perpendicular direction during the magnetic reversal of the soft layer by the applied 
magnetic field was proposed. This model’s validity is based on the assumption that 
the soft [Co/Pd] layer magnetization must be initially tilted by a critical angle in the 
range of 5 ~ 10 against the perpendicular direction. 
 
IV. The insertion of NiFe between the soft [Pd/Co]2 layer and the Cu spacer in 
[Pd/Co]2/Cu/[Co/Pd]4 PSVs was found to effectively reduce the soft layer coercivity 
more by than 76% by way of introducing an in-plane anisotropy component while 
still maintaining the perpendicular anisotropy. An insertion of NiFe 0.4nm/Co 0.2nm 
at the interface between [Co/Pd] multi-layers and the Cu spacer was found to achieve 
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an optimum condition where the soft layer coercivity (anisotropy) is reduced while 
maintaining higher GMR ratio in the perpendicularly magnetized [Pd (1.2)/Co 
(0.6)]2/Cu (tCu)/[Co (0.3)/Pd (0.6nm)]4 PSVs 
 
V. MFM and GMR measurements demonstrated that the nano-patterned [Co/Pd] based 
PPSV exhibited a single and a coherent domain switching behaviour as well as a 
stable GMR performance even at lower dimensions below 90  90 nm2 device size. 
This is due to the high magnetic and thermal stabilities of nano-pattered [Co/Pd] base 
PPSV, which show great promise for the realization of 1Gb MRAM application.  
 
VI. During the course of this thesis work, anomalous peaks in EHE measurement of 
exchange biased GMR spin-valves with perpendicular anisotropy (PA-SVs) were 
accidently observed. It was experimentally and theoretically confirmed that the 
physical nature of anomalous EHE peaks originate from the abrupt change in 
magnetostatic energy, caused by the free or pinned layer reversal as well as the 
dependence of the EHE coefficient RS on the applied magnetic field in PA-SVs. This 
newly observed physical phenomenon in EHE measurement paves a way to indirectly 
estimate the extrinsic magnetic properties of PA-SVs such as the magnetostatic 
energy, the interlayer coupling energy, GMR ratio, and perpendicular anisotropy. 
 
VII. The optimized structure of the [Co/Pd] based pseudo spin-valves with perpendicular 
anisotropy was found to exhibit a CIP GMR of 8.6%. CPP GMR spin-valve devices 
based on this structure were successfully fabricated down to 100nm diameter 
dimensions. CPP GMR of the 150nm and 100nm diameter devices was measured to 
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be ~ 0.89% and 1.2% respectively. Finally STS measurements of the CPP devices 
were found to exhibit a critical switching current density of JAP-P = -2.6×107 A/cm2 to 
-3.2×107 A/cm2 and JP-AP = 3.8×107 A/cm2 to 5.5×107 A/cm2 which is less than or 
comparable to the switching current densities reported for other spin-valves with 
perpendicular anisotropy. 
 
5.1.2. Recommendations for future work 
One of the major problems with currently reported spin transfer switching 
experiments is the very high current density required to reverse the magnetization. 
Critical current densities reported in this work as well as those by other research groups 
are in the range of 106 to 108 A/cm2; however a reduction to 105 A/cm2 or below is 
required for successful integration with CMOS circuits in actual devices. Although 
perpendicular anisotropy materials provide high thermal and magnetic stability, the 
higher anisotropy also increases the required critical current. A few approaches that can 
be considered for reducing the critical current density for spin transfer switching in Co/Pd 
based spin-valves with perpendicular anisotropy include; 
 
i. Dual spin-valve structure: This structure has been successfully demonstrated to 
reduce the critical current density in in-plane spin-valves [2]. The dual spin-valve 
with the free layer sandwiched between oppositely magnetized fixed layers would 
reduce the critical current by enhancing the spin accumulation within the free layer. 
It would also help in increasing the SNR. 
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ii. Spin scattering layer such as Ru [3], Ir, FeMn, and W: These materials also 
increase the spin accumulation within the spin-valve hence reducing the critical 
current density. 
 
iii. Angular magnetized free layer: It has already been shown that the soft layer being 
at an angle with respect to the perpendicularly fixed layer within a critical angle 
range produces a larger GMR than when both layers are perfectly perpendicular. 
Furthermore, the coercivity of the soft layer can be tuned by introducing an in-
plane magnetic component by the insertion of NiFe/Co. By tuning the 
magnetization angle and coercivity of the soft layer it is potentially possible to 
achieve lower critical current densities in structures with higher GMR ratios. 
 
This thesis also briefly touched on the development of [Co/Pd] based MTJ structures 
using an MgO tunneling barrier. Although promising crystalline and magnetic properties 
of the MgO based MTJ devices were observed, the TMR properties were not studied. 
Such MTJ devices hold great promise for the implementation of practical MRAM devices 
and should be explored further.  
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